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In der vorliegenden Arbeit werden ZnO-Mikronadeln bezüglich ihrer Anwendbarkeit als Mi-
kroresonatoren untersucht. Dabei stehen Kavitätsmoden im Fokus der Untersuchungen, die
sich nur senkrecht zur Nadelachse ausbreiten, sprich innerhalb der hexagonalen Nadelquer-
schnittsfläche. Folglich wird der Einfluss der Gestalt der Querschnittsfläche auf Resonatorei-
genschaften wie Propagation, Form, Direktionalität und Qualität der Kavitätsmoden sowohl
theoretisch simuliert als auch experimentell nachgewiesen. Die dabei beobachteten hohenQua-
litätsfaktoren von Flüstergalerie-Moden ermöglichen es darüberhinaus, Wechselwirkungsef-
fekte zwischen Kavität und Mode zu beobachten.
Der erste Teil der Arbeit beschäftigt sich mit der regulären, polygonalen Resonatorform und
deren Einfluss auf die Dimensionalität von Kavitätsmoden sowie deren mögliche Wechselwir-
kung mit dem elektronischen System des Resonators. Beispielhaft wird ein hexagonaler Reso-
nator zur Veranschaulichung gewählt, wie er durch ZnO-Mikronadeln gegeben ist, und mittels
Finite-Difference-Time-Domain (FDTD)-Simulationen sowie winkelaufgelöster Photolumines-
zenz (PL)-Spektroskopie untersucht. Die aufgenommenen PL-Spektren können unter Zuhil-
fenahme photonischer Dispersionskurven von ein- und zwei-dimensionalen Kavitätsmoden
reproduziert werden. Basierend auf diesen Ergebnissen wird der Einfluß der Resonatorecken
auf die Lichtauskopplung diskutiert und mittels winkelaufgelöster, anregungsabhängiger und
temperaturabhängier PL-Spektroskopie nachgewiesen.
Desweiteren wird auf die Wechselwirkung zwischen dem Resonator und den Kavitätsmoden
eingegangen, im Speziellen auf die starke Kopplung zwischen Flüstergalerie-Moden und freien
Exzitonen im Resonatormaterial. Bereits erschienende Publikationen zu diesem Themawerden
präsentiert und kritisch hinterfragt. Dabei wird ein Leitfaden aufgestellt, der eine Evaluierung
möglicher Polaritonen-Phänomene ermöglicht. Um Wechselwirkungen dieser Art auch in den
hier untersuchten Mikronadeln nachzuweisen, werden Hochanregungs-PL-Messungen durch-
geführt. Dabei werden Messungen in der Mitte der Nadel sowie in der Nähe ihrer Ecken getä-
tigt, um spezielle Polaritonen-Propagationseffekte beobachten zu können.
Im zweiten Teil der Arbeit wird der Einfluß von irregulären und inhomogenen Resonatorfor-
men auf die Bildung von Flüstergalerie-Moden diskutiert. Dafür werden elongierte Teile der
Nadeln, die durch laterale Auswüchse entstehen, winkelaufgelöst bezüglich einer gerichteten
Auskopplung von Kavitätsmoden vermessen und verzerrte Mikronadeln, wie sie beim Bie-
gen entstehen, bezüglich der entstehenden Deformationseffekte und deren Einfluss auf die
Kavitätsmoden mittels hochaufgelöster Mikro-PL untersucht. Die experimentellen Ergebnisse
zu irregulären Resonatoren können durch FDTD-Simulationen bestätigt werden. Desweiteren
wurden Mikronadel- und Nanonadel-Quantengraben-Heterostrukturen hergestellt und deren
Lumineszenzeigenschaften diskutiert. Dabei wird speziell auf die Homogenität der Quanten-
grabenemission eingegangen und Strategien zur Realisierung einer starken Kopplung zwi-
schen Flüstergalerie-Moden und Quantengraben-Exzitonen aufgestellt. Diese Strategien wer-
den experimentell umgesetzt und deren Ergebnisse anhand von Kathodolumineszenzmessun-
gen vorgestellt.
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1. Introduction
The rapidly increasing demand for photonic and optoelectronic devices, as well as the quickly
proceeding miniaturization of these devices, has fueled the investigation of modern nano- and
micrometer-scaled technologies in the last few decades. In particular, a lot of effort has been
put into the realization of nanoscale lasers [1], sensors [2], switches [3] or waveguides [4], in or-
der to develop all-optical quantum computing [5]. The majority of modern optical applications
is based on the usage of optical microresonators as their centerpiece whose efficient operation
requires low lasing thresholds and high quality factors of the resonator eigenmodes. Record
values for mode quality factors of 8 × 109 [6] (equivalent to photon lifetimes in µs range) can
be found in whispering gallery mode (WGM) resonators that are based on optical confinement
by total internal reflection inside the cavity walls. The total internal reflection circumvents the
need for additional coatings (e.g. multi-layered top and bottom Bragg mirrors) to enhance the
interface reflectivity and to achieve sufficiently high mode quality factors. These coatings are
however essential for the functionality of Fabry-Pérot (FP) resonators.
The most widely used WGM resonator geometry is circular [7] in which the propagating light
wave tends to cling to the surface leading to a nearly loss-free transport of light through the res-
onator. This in turn creates extremely high quality factors, which give rise to small eigenmode
line widths. However, the circular resonator geometry also leads to a high non-directionality
of the modes, which can create problems with light out-coupling. Usually, prisms [8], in-
plane waveguides [9] or tapered fibers [10] are used in order to facilitate light out-coupling
via evanescent waves. These techniques though are highly sensitive to mechanical vibrations
or variations in the surrounding, and are thus limited in their usage inmicrocavity lasers. Alter-
natively, one can break the rotational symmetry of the resonator and instead use non-circular
geometries that are able to provide both high mode quality factors and high unidirectional-
ity. Examples are limaçons [11], rational caustics [12], bow-ties [13], notched ellipses [14] and
chaotic resonators [15].
Another class of promising, highly directional microcavities are polygonal resonators. They
provide natural out-coupling sites due to their corners. While the circular and partly circular
resonators can only be fabricated by advanced sample treatments with multiple process steps
such as electron beam lithography or photolithography, polygonal resonators can be grown
self-organized in accordance with their natural crystal structure symmetry. In this regard,
WGM have been observed in structures with every possible geometries that are supported by
crystal symmetry, i.e. triangular [16], square [17], hexagonal [18], octagonal [19] and dodecago-
nal [20]. Hexagonal microcavities are particularly advantageous, and can be formed fromwide
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band gap semiconductors such as GaN [21] or ZnO [22] with wurtzite crystal structure. Es-
pecially, ZnO microwires exhibit very uniform hexagonal cross sections and have proven their
capability to serve as WGM resonators [18, 23–30].
ZnO- or GaN-based photonic devices have recently attracted considerable interest since both
ZnO and GaN can easily be alloyed. Their ternary alloys can be used as light emitters cover-
ing a wide spectral range in the blue and ultraviolet (UV). The binary semiconductors possess
very high exciton binding energies of 26meV for GaN and 60meV for ZnO, respectively, en-
abling the observation of excitonic effects above room temperature. This property also creates
the possibility for new photonic devices such as exciton-polariton lasers, which are based on
strong interactions between confined photons (bosons) with long lifetimes and bosonic exci-
tons [31]. Exciton-polaritons are composite quasiparticles and therefore possess properties of
both excitons and photons. Their bosonic nature means that exciton-polaritons are able to
build up a macroscopic coherent quantum state that does not require an occupation inversion
of the energy bands, which therefore implies an ultra-low threshold for polariton lasing [32].
The occuring quantum state is similar to a Bose-Einstein condensate (and still subject to discus-
sions [33, 34]), often called dynamic Bose-Einstein condensate due to its highly non-equilibrium
character. In this thesis, this state will only be referred to a condensate. An exciton-polariton
condensate was first observed in CdTe-based microcavities but was also observed in both GaN
[35] and ZnO [36, 37]. In GaN and ZnO systems, polariton lasing has only been achieved in FP
microcavities sandwiched between Bragg mirrors on the top and bottom. Besides FP cavities,
WGM cavities are also proposed to be able to undergo strong light-matter interaction and con-
densation. Theoretically, the coupling of excitons withWGM should be even more pronounced
because the spatial overlap of photonic and excitonic wavefunction is close to unity [38].
WGM exciton-polaritons have been proposed to be present in ZnO and GaN microwires in a
variety of publications [26, 30, 39–41]. In general, the presence of polaritons is most commonly
proven by the observation of lower and upper polariton branches, which arise as result of an
anticrossing of exciton and cavity mode due to strong interaction [42]. Unfortunately, ZnO and
GaN exhibit a strong absorption coefficient in the UV, which causes a damping of the upper
polariton branch and thus hinders its observation. In fact, only the lower polariton branch is
visible and therefore only the photonic dispersion of the lower WGM exciton-polariton branch
can be used to test for possible light-matter interactions. However, a reliable prediction of the
strong coupling regime can only be accomplished with an exact knowledge of the dielectric
background, i.e. the ZnO and GaN index of refraction, which determines both the energetic
positions of WGM as well as their dispersion curvatures. This fact has been neglected in previ-
ous studies [26, 30, 39–41] where exciton polaritons were statedwithout additional justification.
This perhaps explains why polariton condensation has not been observed up to now in either
ZnO or GaNWGM resonators.
The aim of this work is to study hexagonal resonators and in particular to investigate those cre-
ated using ZnO microwires. This study explores the influence of their particular shape on the
formation, geometry, dimensionality and directionality of cavity modes, as well as their ability
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to strongly interact with the electronic system in the active medium, which is provided by the
cavity itself. In terms of resonator shape this work focuses on regular resonators, elongated
resonators and deformed resonators whereas strong light-matter interaction is investigated in
homogeneus resonators (as-grown) and inhomogeneous quantum well heterostructures. This
work is subdivided into three main parts; an introductory part (part I), which addresses ma-
terials and basics, and two main parts, which cover the essential role of the regular polygon
corners in mode out-coupling and eventual strong light-matter interaction between confined
photons and excitons (part II) as well as experimental and computational findings concerning
the influence of different irregular resonator shapes on cavity modes (part III). Finally, results
on micro- and nanowire QW heterostructrues are presented.
In part II, ZnO microwires are introduced as perfect model system for the investigation of cav-
ity effects in hexagonal resonators. It is shown that microwires can exhibit two different types
of cavity modes in their cross section: Fabry-Pérot modes (FPM) andWGM. The appearance of
these modes is strongly correlated to the shape of the wire cross section, especially the shape
of the hexagon corners. In this context, FPM are observable in nearly perfect hexagonal wires
whereas WGM are only present in hexagonal wires with fringed corners since the hexagon
corners represent strong resonator discontinuities. The fringed corners enhance the mode out-
coupling but likewise reduce the mode quality factor. Furthermore, part II investigates the
luminescence of perfectly shaped hexagonal resonators and discusses the ability of these res-
onators to facilitate strong light-matter interactions between confined photons and ZnO free
excitons. This includes a critical evaluation and overview of in literature available reference
measurements. In this evaluation it is comprehensively shown, that previously accepted stan-
dards for the assessment of exciton-polaritons are misleading and experimental data were mis-
interpreted. As a result, it is concluded that only polariton condensation and the accompanied
blueshift of the stimulated emission due to polariton scattering can provide direct evidence for
the presence of exciton-polaritons. Following this analysis, excitation-dependent luminescence
measurements were performed on ZnO microwires that show a distinct blueshift in the las-
ing regime and thus indications for polariton condensation. Since WGM exciton-polaritons are
only able to propagate along the wire axis, their condensation is attended by dispersion-less
lasing lines due to propagation, induced by the laser pump [43]. In addition, energy relaxation
of possible condensate states into lower WGM levels is observable. The relaxation probably
arises due to the absence of a ground state [44] and is only limited by the coupling strength and
polariton lifetime.
Part III addresses the formation of WGM in irregular resonators, i.e. elongated and bending-
induced deformed resonators. Elongations along a regular microwire can occur due to lat-
eral inhomogeneities during growth. The elongated microwires preferentially displayed FPM,
which were evident from their two-dimensional photonic mode dispersion, but also exhib-
ited WGM signatures that are strongly bunched in the direction of elongation. Deformed ZnO
microwires were prepared by mechanical bending. They subsequently exhibit symmetrically
distributed tensile and compressive strain along their cross section, which was proven by a
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luminescence red- and blueshift, respectively. Cavity modes could be observed in unstrained
and strained microwires, which also proves their integral property. All of the experimental
findings were also confirmed by computational simulations of cavity mode patterns in differ-
ent resonator geometries.
In order to be able to tune the main emission and further enhance the quantum efficiency of
the radiative exciton recombination in a one-dimensional potential trap, microwire core-shell
heterostructures were prepared such that they contain quantum wells (QWs), which facilitates
strong light-matter interaction between confined photons and QW excitons. In this regard,
quantum well heterostructures were grown as shells on the non-polar facets of core ZnO mi-
crowires. The potential traps were achieved by (Mg,Zn)O barriers and either ZnO or (Zn,Cd)O
active regions for QW exciton emission above or below the ZnO free exciton transition, respec-
tively. All fabricated microwire QW heterostructures were able to confine light and exhibited
WGM signatures. Subsequently, a route was presented that facilitates the observation of pos-
sible polaritons by spatial and spectral overlap of WGM and QW excitons. This route requires
an increase of the overall shell thickness and a reduction of the QW emission energy. Both
requirements were realized in (Mg,Zn)O/(Zn,Cd)O nanowire quantum well heterostructures,
which showed indications that strong interaction between the heterostructure WGM and QW
excitons has occurred.
This work was supported by Leipzig School of Natural Sciences BuildMoNa (GS 185/1) and
the European Social Fund (ESF) withinNachwuchsforschergruppe ‘Multiscale functional struc-
tures.’
The investigated microwire heterostructures were mainly grown by Dipl.-Phys. Martin Lange,
and two individual samples were prepared by Dipl.-Phys. Helena Franke and Dipl.-Ing. Hol-
ger Hochmuth. The corresponding targets for pulsed-laser deposition and carbothermal vapor-
phase transport were fabricated by Gabriele Ramm. The time-resolved photoluminescence
measurements and their analysis were performed by Dipl.-Phys. Marko Stölzel. Furthermore,
atomic force microscopic measurements were carried out by Dipl.-Phys. Tammo Böntgen. All
measurements and simulations in this thesis were performed in the Semiconductor Physics
Group at Universität Leipzig.
In this thesis, own first- and co-authored publications are labeled with an ‘O’ prior to the ref-
erence number, e.g. [O3]. Since they are sorted according to their date of release, they do not
appear ascending in the text. All regular citations are sorted according to their appearance in
the text.
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Part I.
Materials and basics
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2. Materials and fabrication
In order to investigate cavity effects in dielectric hexagonal resonators, ZnO was chosen as ba-
sic material since it can be prepared in the shape of high-quality, micrometer-sized wires by a
simple vapor phase transport growth process. These microwires usually exhibit a hexagonal
cross section and thus embody naturally-built, dielectric resonators. In the following, the struc-
tural, electronic and optical properties of ZnO and its alloys (Mg,Zn)O and (Cd,Zn)O that were
of importance for this work will be elaborated together with the basics of fabricating the pure
ZnO microstructures as well as the ZnO-based heterostructures.
2.1. The binary semiconductor ZnO
ZnO is a direct II-VI semiconductor that crystallizes in the wurtzite structure (as displayed in
Fig. 2.1 left) with lattice parameters a = 0.325 nm and c = 0.5207 nm (under standard conditions).
The corresponding space group is P63mc. ZnO possesses a spatial anisotropy that manifests in
two declared crystal directions: the c-axis [0001] and the a-axis [1120]. A spontaneous polar-
ization occurs along the c-axis due to a non-vanishing net in-plane polarity that arises due to
alternating stacks of zinc and oxygen atoms. This spontaneous polarization is absent perpen-
dicular to the c-axis - the net in-plane polarity is zero along the a-axis (and similar directions
such as the m-axis [0110]). This is of great importance for the growth of ZnO based structures
since the fundamental properties of ZnO strongly differ for particular crystal orientations.
The binary semiconductor ZnO exhibits a fundamental bandgap of Eg = 3.37 eV at room tem-
perature, making it transparent in the visible spectral region. Its optoelectronic properties are
Figure 2.1.: Left: Wurtzite crystal structure of ZnO. Green spheres represent oxygen atoms,
whereas blue spheres represent zinc atoms. Right: Rocksalt crystal structure of CdO and MgO.
Red spheres represent metal atoms whereas blue spheres represent oxygen atoms. Note, that
the size of the spheres does not correlate with the size of real atoms.
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Figure 2.2.: Index of refraction determined from spectroscopic ellipsometry measurements at
room temperature on a ZnO single crystal for TM- (red line) and TE-polarization (black line)
[45].
determined by excitonic processes up to 700○Cdue to an exciton binding energy of EbX = 60meV.
At liquid helium temperature (T = 4K), the ZnO luminescence is dominated by the recombina-
tion of bound exciton complexes, in particular neutral and ionized donor-bound excitons (D0X
and D+X). The most prominent donors in ZnO are aluminium, gallium and indium atoms as
well as intrinsic donors such as zinc interstitials [46] [O3]. The donor-exciton complexes occur
with a particular localization energy Q below the ZnO free exciton emission [O1]. The most
prominent donors lines in ZnO together with their absolute peak energy and corresponding
localization energies are given in Tab. 2.1 - adapted from Ref. [46]. Increasing the temperature
leads to a strong decrease of the DX intensities since excitons thermally escape from the donors
to become free excitons. The intensity drop is connected to the donor localization energy Q.
For thermal energies Q ≤ kT < EbX, free exciton emission dominates the ZnO luminescence.
Besides the optoelectronic transitions near the ZnO bandgap, also deep defect centers that en-
ergetically lie deep within the bandgap are able to trap carriers effectively and thus emit light.
One of the most prominent luminescence bands in ZnO which is caused by deep defects is the
so-called ‘ZnO green band’ [47]. It is most commonly attributed to intrinic defects such as
oxygen vacancies [48–50], but was also assigned to the incorporation of copper into the ZnO
host lattice [51]. However, its true origin is still subject to controversal discussions, but will not
be subject to this thesis.
The spatial anisotropy of the wurtzite crystal is responsible for an optical anisotropy (birefrin-
gence) - the index of refraction along the c-axis differs from the index of refraction along the
a-axis. Subsequently, nTE(= n⊥) shall be introduced as refractive index with the electric compo-
nent of the electromagnetic field E⃗ ⊥ c (TE = transverse electric, see sketch in Fig. 2.2). Accord-
ingly, nTM(= n∥) will be used for the refractive index with E⃗ ∥ c (TM = transverse magnetic).
Both nTM and nTE can be seen for ZnO in Fig. 2.2. The two data sets were determined from
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Table 2.1.: Most prominent donor-exciton complexes with respective labels, their absolute
energies EDX and their localization energies Q at low temperatures (T = 4K). Values and labels
are adapted from Ref. [46].
donor/charge state label absolute energy localization energy
EDX (eV) Q (meV)
Al+ I0 3.725 3.4
Ga+ I1 3.718 4.1
In+ I2 3.674 8.5
Zn0i I
3a 3.660 9.9
Al0 I6 3.608 15.1
Ga0 I8 3.598 16.1
In0 I9 3.567 19.2
spectroscopic ellipsometry measurements at room temperature on a ZnO single crystal [45]
and were used for calculations on microwire resonators performed throughout this work. This
procedure was verified by Ref. [25] where ZnO microwires were reported to exhibit bulk-like
dielectric properties.
2.2. Oxide semiconductor alloys (Mg,Zn)O and (Zn,Cd)O
MgO and CdO both crystallize in the cubic rockstalt structure (see Fig. 2.1 right) with lat-
tice constants aMgO = 0.421 nm and aCdO = 0.469 nm, respectively. Band structure calcula-
tions indicate that MgO is a direct semiconductor/insulator with the lowest transition energy
(Eg = 7.49 eV) at the Γ point [52]. Experimentally an energy of 7.65 eV was observed [53]. In
constrast to that, CdO has been predicted to be an indirect semiconductor with the lowest en-
ergetic transition from the L to the Γ point and Eg = 0.68 eV [52] (0.84 eV in experiment [54]).
However, usually direct Γ-Γ-transitions are observed in CdOwith energies between 2.3 - 2.6 eV
[55]. The commonly accepted value for the direct, fundamental bandgap of CdO is Eg = 2.42 eV
[56].
Both MgO and CdO have been shown to be highly soluble with ZnO. However, not every de-
sired composition can be achieved in the complete composition range due to the different crys-
tal structures of ZnO, MgO and CdO. Even an intermediate regime can occur that is dominated
by different wurtzite and rocksalt phase segregations. For the wurtzite phase, the composition
of MgxZn1−xO and Zn1−yCdyO is limited to maximumMg- and Cd-contents of x = 0.55 [58] and
y = 0.53 [57], respectively. Below, (Mg,Zn)O and (Cd,Zn)O alloys can be fabricated with tun-
able lattice constants in accordance to their composition since randomly incorporatedMg or Cd
atoms affect the crystal construction due to their different ionic radii. These are 0.57Å for Mg2+
and 0.72Å for Cd2+ in contrast to 0.60Å for Zn2+. Cd atoms (and respective ions) are much
9
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Figure 2.3.: Room-temperature fundamental bandgap of ZnO alloyed with either Cd to
Zn1−yCdyO (circles, left side of the dotted line) or with Mg to MgxZn1−xO (squares, right side
of the dotted line). The dotted line represents pure ZnO. Data points are taken from Ref. [57].
larger than Zn atoms . Thus, the ZnO crystal unit cell strongly expands in both directions c and
a by incorporating Cd atoms (in case of substituting Zn atoms). The lattice parameters c, a vs.
Cd content y read [59]
c(y)[Å] = 5.207+ 0.42 y, (2.1)
a(y)[Å] = 3.250+ 0.12 y. (2.2)
The ionic radii of Mg and Zn only deviate little from each other. Subsequently, the unit cell
volume stays constant vs. Mg content [O13]. However, the c- (a-) lattice parameter slighty
decreases (increases) according to
c(x)[Å] = 5.207− 0.107 y, (2.3)
a(x)[Å] = 3.250+ 0.053 y. (2.4)
More importantly in an optoelectronic view, alloying ZnO with Mg or Cd tunes the ZnO emis-
sion energy (see Fig. 2.3). In this context, the incorporation of Cd atoms into the ZnO host
crystal reduces its fundamental gap and the incorporation of Mg atoms increases the bandgap.
Maximum (minimum) transition energies of 4.55 eV [58] (1.85 eV [57]) for Mg- (Cd-) enriched
wurtzite ZnO with x = 0.55 (y = 0.53) have been reported.
An investigation of distinct resonator or cavity properties that are composed of alloy mate-
rials frequently requires the knowledge of their refractive indexes. Unfortunately, only a few
publications exist that report the spectroscopic analysis of ellipsometric or transmission mea-
surements for (Mg,Zn)O. For MgxZn1−xO, thin films with compostions x ≤ 0.29 have been
elaborated in Ref. [60] by using a three-term Cauchy approximation that was applied to the
transparency region:
n(x,λ) = A + ax + B + bx
λ2
+
C + cx
λ4
. (2.5)
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Figure 2.4.: (a) Refractive index n⊥ and (b) birefringence n∥ − n⊥ of MgxZn1−xO thin films
according to Eq. 2.5 for different Mg contents x = 0 (A), 0.10 (B), 0.15 (C), 0.17 (D), 0.19 (E), 0.23
(F), 0.29 (G) and 0.37 (H). The spectra are adapted from Ref. [60].
The Cauchy fit parameters are given in Tab. 2.2, the corresponding spectra can be seen in
Fig. 2.4.
Values for the refractive index of (Zn,Cd)O are also available in literature [61, 62] but were
not incorporated here since (Zn,Cd)O is used as QWmaterial in this thesis and does not exceed
layer thicknesses of only a few angstroms. Hence, its impact on light propagation is considered
here to be negligible small.
Table 2.2.: Cauchy model parameters for MgxZn1−xO according to Eq. 2.5. Values are taken
from Ref. [60].
A B (10−2µm2) C (10−3µm4) a b (10−2µm2) C (10−3µm4)
n⊥ 1.916 1.76 3.9 -0.574 -4.51 -4.9
n∥ 1.844 1.81 3.6 -0.782 -4.51 -4.9
2.3. Microwire growth
All uncoated ZnO microwires as well as ZnO heterostructure cores were fabricated by car-
bothermal vapor phase transport (VPT). The growth takes place in a heatable tube furnace at
elevated temperatures of 1000○C and above. For this purpose, carbon and zinc oxide powders
(99.999% and 99.997% purity, respectively) were pressed to form a plane tablet and were then
put into a sapphire boat in the center of the heatable tube furnace.
In principle, the carbothermal VPT growth method is based on simultaneous oxidation and
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Figure 2.5.: Overview of different morphologies of VPT grown ZnO nano- (a-c) and mi-
crostructures (d-f): (a) pure nanowires, (b) nanowires with honeycomb-like interconnects, (c)
pure honey-combs, (d) pure microwires with nearly constant diameter, (e) microwires with
strongly varying diameter or (f) micronails. Pictures (a,b) are taken from Ref. [64], picture (f)
taken from Ref. [65]. (g) ZnO microwires in cross-sectional view from Ref. [66].
reduction of carbon and zinc. The main chemical reactions can be drawn as follows:
C(s)+ 2ZnO(s) → CO2(g)+ 2Zn(g), (2.6)
C(s)+ZnO(s) → CO(g)+Zn(g). (2.7)
When heating up the pressed powders, the carbon powder initially oxidizes to carbon diox-
ide (or carbon monoxide) simultaneously reducing solid zinc oxide to zinc vapor. The zinc
vapor immediately reacts with the ambient oxygen to form solid ZnO due to the ambient sur-
rounding. Although this is a highly random growth process, well defined, high crystalline ZnO
structures can form self assembled. The prevailing opinion is that the VPT growth happens via
a vapor-solid-solid mechanism [22, 63].
An overview of different morphologies of ZnO microstructures fabricated by VPT can be seen
in Fig. 2.5: ZnO grows e.g. as wires, honey-combs or nails. In this work, the focus lied on wire-
like structures whose wire axis equals the crystals c-axis and exhibit a hexagonal cross section.
The fabricated wires strongly differ in diameter: between a few hundred nanometers up to a
few ten micrometers. Typical wire lengths are in the range of 500µm - 10mm. This leads to
wire aspect ratios of up to 104.
Due to the obvious hexagonal shape of the microwire cross section (see Fig. 2.5g), the conclu-
sion for a c-orientation of the the wire axis is rather clear. However, in order to investigate the
main crystallographic orientation of the microwire facets an EBSD1 micrograph was recorded
for a ZnO microwire. The EBSD pattern recorded on the top facet of a hexagonal ZnO mi-
crowire (white cross in Fig. 2.6a) is shown in Fig. 2.6b. The main observable crystallographic
1EBSD = Electron backscatter diffraction: electrons inelastically scatter at high tilt angles in the crystal leading to a
divergent diffraction. The electron acceleration voltage was set to 10 keV with 2 nA beam current.
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Figure 2.6.: (a) SEM picture of a hexagonal ZnO microwire. The white cross marks the lateral
position of the EBSD measurement. (b) EBSD pattern of the ZnO microwire from (a). The
black lines show main crystallographic axes, main diffraction reflexes are highlighted by black
circles.
directions are marked by black lines, the main diffraction reflexes are highlighted by black cir-
cles. As can be seen, the central crystallographic direction that proceeds from the top center to
the bottom center of the pattern can be indexed with (011i)which is equivalent to the m-plane
direction of the hexagonal wurtzite crystal. Thus, the ZnOmicrowires exhibitm-plane oriented
side facets.
In general, the VPT reactions are driven by the Gibbs free energy G that considers only vari-
ables contained within the system:
G = H − TS = U + pV − TS, (2.8)
with H being the system enthalpy, T being the system temperature and S the system entropy.
The enthalpy H is further given by a sum of the internal energy U and a product of pressure p
and volume V. The free energy change ∆G within a chemical reaction A + B → C is then given
by
∆G = ∆G0 + RT ln( pC
pApB
) (2.9)
with the gas constant R, the standard free energy ∆G0 and the partial pressures pi of gases i in
the reaction. The standard free energy of a chemical reaction as a function of temperature can
be displayed in a so-called Ellingham diagram [67]. Ellingham diagrams were intentionally in-
troduced for the oxidation or sulphidation of metals in order to extract pure metals from their
ores [67]. An Ellingham diagram for several metal oxides can be found in Fig. 2.7. In general,
metals that appear lower in the diagram compared to others are less stable since their standard
free energy is more negative - with that the reaction is driven towards the products.
As can be seen from Fig. 2.7, the oxidation of carbon to CO2 or CO (black lines) has a nega-
tive slope since the reaction entropy is being enhanced. In contrast to that, the oxidation of Zn
(green line) has a positive slope. The intersection of both curves represents the ideal working
point for the carbothermal reduction of ZnO (yellow area in Fig. 2.7). The corresponding tem-
perature is 1000○C in this case which is the furnace temperature that was chosen for the growth
13
AB
C
D
F
E
G
A:2C + O CO2 ®
B: C + O CO2 ® 2
C: 2CO + O 2CO2 ® 2
D: 2Zn + O 2ZnO2 ®
E: 4Ga + 3O 2Ga O2 ® 2 3
F: 4Al + 3O 2Al O2 ® 2 3
G: 2Mg + O 2MgO2 ®
st
an
d
ar
d
fr
ee
en
er
g
y
-
(k
J/
m
o
l)
Δ
G
0
-400
-600
-800
-1000
-1200
0 500 1000 1500 2000
temperature (K)
Figure 2.7.: Ellingham diagram for oxidation of carbon (A,B), carbon monoxide (C), zinc (D),
gallium (E), aluminium (F) and magnesium (G). The yellow circle highlights the ideal working
point for the carbothermal reduction of ZnO.
procedure of ZnO microwires.
As outlined above, ZnO is known to contain a large number of defects that trap carriers effi-
ciently. Two of the most prominent shallow point defects in ZnO are aluminium and gallium.
Their oxidation curves are also shown in Fig. 2.7 as red lines. These curves do not intersect the
carbon lines up to 1000○C, they intersect them at 1100○C and >2000○C for Ga and Al, respec-
tively. These temperatures are well above the chosen growth temperature meaning that Al and
Ga cannot be reduced by the carbon powder andmore importantly cannot be incorporated into
the microstructures (at least by conventional ways). Nevertheless, aluminium can easily dif-
fuse from the used sapphire boat into the microstructures due to its large diffusion coefficient
[68].
In order to gain insight into the incorporation and distribution of distinct shallow impuri-
ties in ZnOmicrowires, spatial-resolved low-temperature cathodoluminescence (CL) measure-
ments on the cross section of a broken ZnO microwire were performed and can be seen in
Fig. 2.8 (details of the CL setup are presented in Sec. A.3). The experiment was carried out
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Figure 2.8.: (a) Helium-temperature CL spectrum of a ZnO microwire that is broken perpen-
dicular to its wire axis. (b) SEM image of the ZnOmicrowire from (a). (1-5) Monochromatic CL
images of the broken ZnO microwire. The CL intensity scale is linearly color-coded (see bot-
tom left). The respective energies are given for each image at the bottom right. The numbers
in the upper left correspond to the labels from (a). The cross-like distortions of the CL intensity
along the microwire cross section arise from two CL linescans that have been performed in
preparation of and prior to the two-dimensional CL scans.
at low temperatures (T = 10K) in order to observe narrow transition lines of donor-bound
exciton complexes. And indeed, the CL spectra show sharp peaks in the near-band edge re-
gion (linewidths < 1meV, see Fig. 2.8a) that can be attributed to the radiative recombination
of donor-bound excitons. The different peaks were labeled with numbers 1-5 with respect to
their spectral appearance (in decreasing energetic order). Their spatial distribution is investi-
gated by a two-dimensional scan along the surface of a broken ZnO microwire (an SEM image
of the broken microwire can be found in Fig. 2.8b) and their monochromatic intensity images
(linearly color-coded) can be seen in Fig. 2.8 according to their label. Note that the cross-like
distortions of the CL intensity along the microwire cross section arise from two CL linescans
that have been performed in preparation of and prior to the two-dimensional CL scan. These
intensity fluctuations do not reflect any microwire property.
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The intensity of individual donor-bound exciton peaks in the monochromatic CL images is
only a fingerprint of their amount in the sample. This can only serve as an indication for the
density of donors and is not a standard technique for the determination of donor concentra-
tions. As can be seen from Fig. 2.8 1-5, the spatial distribution of the individual peaks strongly
differs. Whereas peak 1 shows an enhancement of the CL intensity when going from center
to the facet, peaks 2 just shows the opposite behavior with a decrease of intensity towards the
boundaries of the microwire cross section. In contrast to that, peaks 3-5 show a nearly constant
intensity over the entire cross section.
From their energetic positions, the individual peaks can be assigned to particular donor-bound
transitions and thus corresponding donors. In this regard, peak 1 is most often attributed
to aluminum donors in ZnO. In this context, the increase of intensity of peak 1 towards the
cross section border can be interpreted as a diffusion of Al atoms from the facet surface into
the microwire as it is expected from the growth process. In general, Al atoms should directly
incorporate during the growth, but should mainly diffuse into the wires afterwards since the
duration of the high temperature interval in the VPT process is expected to be much larger than
the growth of indivual wires.
Peaks 3 and 5 are most commonly assigned to the recombination of excitons bound to gallium
and indium atoms, respectively. Due to their much larger diffusion coefficient compared to
Al atoms, Ga and In easily diffuse into ZnO at elevated temperatures of 750-1000○ [69] and
thus lead to a nearly homogeneous intensity distribution along the microwire cross section.
Neverthless, the origin of Ga and In atoms is still unclarified, they are probably present in the
prepared ZnO/carbon tablets.
2.4. Heterostructure fabrication
Although carbothermal VPT is a powerful tool to prepare oxides with high puritiy, it is not
able to provide a route for the fabrication of ZnO-based alloys due to strongly varying growth
temperatures for carbothermal oxidation of the individual chemical elements. Even the growth
of the binary oxides MgO and CdO has not been achieved (or aspired) up to now due to ex-
perimental and environmental restrictions. The carbothermal reduction of magnesium would
require a growth temperature of over 2000○C which is not accessible with the available setup
that only supports growth temperatures between 50○C and 1600○C. Further, CdO is highly
toxic, carcinogenic and extremely dangerous for the environment. That means in fact, CdO
cannot under any circumstances be fabricated at ambient air conditions (as done for ZnO) al-
though it would be reducable by carbon at mediate temperatures (530○C).
Instead of fabricating pure (Mg,Zn)O or (Zn,Cd)O microwires, an alternative route was en-
tered that makes use of pure ZnO microwires as core and involves subsequent coating of the
wires with (Mg,Zn)O or (Zn,Cd)O shells. The coating was performed by pulsed-laser deposi-
tion (PLD) (details of the PLD process can be found in Sec. A.1). For this purpose, pure ZnO
microwires fabricated by carbothermal VPT were transferred to the edges of broken glass or
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Figure 2.9.: (a) Core/shell microwire with VPT ZnO core and pulsed-laser deposited
(Mg,Zn)O shell. The overall shell thickness is 97 nm. (b) Core/shell microwire after deposi-
tion attached with its thick end to a glass substrate. [O19]
sapphire substrates and fixed with silver glue at one of their ends in such a way that their main
body protudes over the substrate edge (illustrated in Fig. 2.9b). This became necessary due
to two reasons: (i) to ensure an optimal heat transfer from the substrate to the attached wire
since best growth conditons can only be achieved when the destinated deposition site (in this
case substrate and wire) is kept at high temperatures and (ii) to homogeneously coat the pure
ZnO microwire on all side facets which would otherwise not be possible if the wire lies on the
substrate plane. This additionally requires a certain wire alignment. They needs to point to-
wards the material source, i.e. the plasma plume. If this is not the case, a preferred depostion
of material on one side facet of the wire will occur and simultaneously shadow the opposite
facet. This can both affect the shell composition and its thickness.
MgO, ZnO and CdO powders (again in highest available purity) were used as basic raw tar-
get materials. They were subsequently pressed (applied pressure is 50 kg/cm2) to form plane
tablet-like targets and then sintered at 1200○C for 12 h. The targets contain mixtures of either
MgO and ZnO powder or CdO and ZnO powder in order to gain material sources for the
deposition of (Mg,Zn)O or (Cd,Zn)O, respectively. The PLD growth process was run at tem-
peratures of 700○C for (Mg,Zn)O/ZnO heterostructures and at 330○C for (Mg,Zn)O/(Zn,Cd)O
heterostructures with oxygen partial pressures of 0.2 Pa for ZnO, 0.8 Pa for (Mg,Zn)O and 2.6 Pa
for (Zn,Cd)O. The last two were chosen independently from the desired material composition
which was only tuned by the mixture ratio of the raw target materials.
A core/shell microwire with a VPT grown ZnO microwire core and a pulsed-laser deposited
(Mg,Zn)O shell can be seen in Fig. 2.9a. The microwire is equally coated on all side facets
of the hexagonal cross section with a shell thickness of 97 nm. Nearly all PLD grown mi-
crowire heterostructures presented throughout this thesis were fabricated by Dipl.-Phys. Mar-
tin Lange, individual samples were fabricated by Dipl.-Phys. Helena Franke and Dipl.-Ing.
Holger Hochmuth. The targets for VPT and PLD processes were prepared by Gabriele Ramm
in the Semiconductor Physics Group the University Leipzig.
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3. Strain theory in wurtzite semiconductors
The fabrication of single-crystal ZnO microwires with aspect ratios of 104 and above provides
the possibility to easily manipulate these wires by bending. The bending introduces stress and
facilitates the investigation of both electronic and dielectric properties under large distorsions.
The qualitative understanding of the occuring phenomena necessitates the exact knowledge of
possible stress and strain states and their influence on the wire properties. The chapter begins
with an introduction into the classical theory of elasticity (see Sec. 3.1). Further, the influence of
strain on semiconductor energy bands (Sec. 3.2) together with possible stress scenarios in semi-
conductors (Sec. 3.3) will be presented. Finally, an overview of reports on strain experiments
in ZnO will be given and critically discussed.
3.1. Classical theory of elasticity
Here, the classical theory of elasticity shall be evoked [39, 70–72]. In general, strain is defined as
the relative lattice displacement in a deformed crystal compared to its equilibrium state. When
the unstrained lattice can be represented by three unit vectors x⃗, y⃗ and z⃗, then the strained
lattice has the vectors x⃗′, y⃗′ and z⃗′ with
x⃗′ = (1+ εxx)x⃗ + εxyy⃗ + εxz z⃗, (3.1)
y⃗′ = εyx x⃗ + (1+ εyy)y⃗ + εyz z⃗, (3.2)
z⃗′ = εzx x⃗ + εzyy⃗ + (1+ εxz)z⃗, (3.3)
with the dimensionless strain coefficients ε ij. Eqs. 3.1 - 3.3 can be rewritten as tensor equation
that defines the deformation of the strained lattice:
ε =
⎛⎜⎜⎜⎝
εxx εxy εxz
εyx εyy εyz
εzx εzy εzz
⎞⎟⎟⎟⎠ . (3.4)
If we assume a general varying strain, ε can be expressed as partial derivative of displacement
uX = x⃗′ − x⃗ over the spatial coordinate X (X,Y = x, y, z),
εX,Y =
∂uY
∂X
. (3.5)
The strain tensor ε is symmetric due to the Schwarz integrability condition leading to six inde-
pendent coefficients that completely define an applied strain. With this, the strain tensor can
be reduced to a six-component array by the following convention:
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Figure 3.1.: Nine stress components of the stress tensor of an infinitesimal, deformed cube.
Adapted from Ref. [39].
e1 = εxx, e2 = εyy, e3 = εzz, e4 = 2εyz, e5 = 2εxz, e6 = 2εxy.
Crystal deformations are often caused by externally applied forces. These forces are called
stresses when they respond to a strain in a certain unit area. Similar to the strain tensor also
the stress tensor has nine components. This can be understood in terms of an infinitesimal,
deformed cube. The stress on each of the three independent surfaces has three components -
two lying in the plane (orthogonal to each other) and one normal to the plane (see Fig. 3.1).
According to the strain tensor, also the stress tensor is symmetric and can be reduced to a six-
component array.
In the regime of linear elasticity, the stresses σi can then directly be related to the strain compo-
nents ej (i, j = 1, 2 . . . 6) via
σi = ∑
m
Cimem (3.6)
with the elastic stiffness coefficients Cim. Eq. 3.6 is called stress-strain relation and can have very
different shapes for different crystal structures. For wurtzite crystals, the stress-strain relation
includes five independent elastic constants
Cim =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 12 (C11 −C12)
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (3.7)
In some cases, it is more comfortable to work with the inverse elastic stiffness Smi coefficients
that are given by
em = ∑
i
Smiσi. (3.8)
Eqs. 3.6 - 3.8 can be very useful when they are applied to stress situations like uniaxial stress,
biaxial stress or hydrostatic pressure in wurtzite crystals since they provide very simple rela-
tions (see Sec. 3.3) in these cases. This is due to the fact, that these stresses all conserve the
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C46v space group symmetry that allows the characterization of the atom positions by the lattice
parameters a and c.
3.2. Strain effect on semiconductor energy bands
Since stress affects the positions of individual atoms in a crystal, it likewise affects the bonding
lengths and thus the band structure. Wurtzite crystals exhibit three valence bands - the light
hole (LH), heavy hole (HH) and split-off (SO) valence band - but only one conduction band.
The valence band energy maxima (at the Γ-point) are given by [73–77]
EHH = ∆1 +∆2 + λ + θ, (3.9)
ELH =
∆1 −∆2 + θ
2
+ λ +
√[∆1 −∆2 + θ
2
]+ 2∆23, (3.10)
ESO =
∆1 −∆2 + θ
2
+ λ −
√[∆1 −∆2 + θ
2
]+ 2∆23. (3.11)
where
λ = D1εzz +D2(εxx + εyy), (3.12)
θ = D3εzz +D4(εxx + εyy). (3.13)
In this regard, ∆1 is the crystal-field splitting, ∆2 and ∆3 are parameters that account for the
spin-orbit coupling at the Γ-point. Further, Di are the valence bands deformation potentials
that connect the applied strain with the change of the valence band energies. The minimum
conduction band energy ECB is given by
ECB = ∆1 +∆2 + Eg + a1εzz + a2(εxx + εyy) (3.14)
with the conduction band deformation potentials a1 and a2.
A popular and powerful tool to investigate electronic properties of semiconductors is the mea-
surement of a material’s photoluminescence (PL, see Sec. A.2) since it is a direct fingerprint of
the optoelectronic state population. However, PL experiments only provide information about
transitions between individual gaps but do not provide information about absolute positions
of individual bands within the band structure. This circumstance also limits the possibilities in
detecting strain-dependent energy bands. In wurtzite materials, the transitions between HH,
LH and SO valence bands and the conduction band are called A-, B- and C-transitions, respec-
tively. The limitation to the excitonic bandgap requires the evaluation of changes of the A-, B-
and C-exciton transitions ∆EA,B,C with strain that read
∆EA = (a1 −D1)εzz + (a2 −D2)(εxx + εyy)−D3εzz −D4(εxx + εyy), (3.15)
∆EB =
∆1 + 3∆2
2
+ (a1 −D1 − D32 ) εzz + (a2 −D2 − D42 )(εxx + εyy)
−
¿ÁÁÀ[∆1 −∆2 +D3εzz +D4(εxx + εyy)
2
]2 + 2∆23, (3.16)
21
∆EC =
∆1 + 3∆2
2
+ (a1 −D1 − D32 ) εzz + (a2 −D2 − D42 )(εxx + εyy)
+
¿ÁÁÀ[∆1 −∆2 +D3εzz +D4(εxx + εyy)
2
]2 + 2∆23. (3.17)
The deformation potentials (a1 −D1) and (a2 −D2) are called hydrostatic deformation poten-
tials parallel and perpendicular to the c-axis, respectively, since they cause energy changes that
are analogous to hydrostatic shifts in cubic semiconductors. According to that, potentials D3
and D4 are so-called uniaxial deformation potentials.
3.3. Different stress situations
3.3.1. Uniaxial stress along c-direction
When applying an uniaxial stress to awurtzite material along [0001], then all stress components
are zero except for σzz. This gives rise to non-vanishing strain components εxx, εyy and εzz with
εxx = εyy ≠ εzz. Then, the applied stress σzz can be related to the present strain via
εzz =
C11 +C12(C11 +C12)C33 − 2C213σzz = S33σzz, (3.18)
and the change of the A-exciton transition energy ∆EA follows the relation
∆EA
∆εzz
= a1 −D1 −D3 −
2C13
C11 +C12
(a2 −D2 −D4) (3.19)
3.3.2. Biaxial stress in the a-plane
Biaxial stress usually occurs in heterostructures of two lattice-mismatched materials. In this
case one often considers a rigid substrate layer and a biaxially strained top layer whose lattice
parameters a0 and c0 (in the unstrained case) then conform to strained values a and c:
εxx = εyy = (a0 − a)/a (3.20)
εzz = (c0 − c)/c (3.21)
With this convention, positive (negative) values of ε ii indicate tensile (compressive) strain. If
the biaxial stress only occurs in the a-plane, σzz = 0 and σxx = σyy with
σxx =
(C11 +C12)C33 − 2C213
C33
εxx =
1
S11 + S12
εxx, (3.22)
εzz = −
2C13
C33
εxx =
2S13
S11 + S12
εxx (3.23)
The corresponding change of the A-exciton transition energy due to strain is then given by
∆EA
∆εzz
= (a1 −D1 −D3)− C33C13 (a2 −D2 −D4) (3.24)
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Figure 3.2.: Two-dimensonal representation of shear strain: (a) change of the length of y-axis
and (b) rotation around z-axis by angle ϕ.
3.3.3. Hydrostatic pressure
Hydrostatic pressure acts in all crystal directions (in the absence of any shear strain). Thus, the
off-diagonal elements of the stress tensor are zero and the diagonal elements all adopt the same
value, i.e. σxx = σyy = σzz. Subsequently, εxx = εyy and
εxx =
C33 −C13
C11 +C12 − 2C13
εzz (3.25)
Note that although the hydrostatic pressure is isotropic, the resulting srain is anisotropic. ∆EA
versus strain along the c-axis reads as
∆EA
∆εzz
= (a1 −D1 −D3)+ 2(C33 −C13)C11 +C12 − 2C13 (a2 −D2 −D4). (3.26)
3.3.4. Shear strain
In principle, there are two kinds of shear strain that can be applied to a crystal. One is related
to changes of lengths along the three main axes and has a diagonal strain tensor (see Fig. 3.2a).
The other one is related to rotations of the axes by the angle φ (see Fig. 3.2b) whose strain tensor
only contains non-zero off-diagonal elements and is called torsional strain. The torsion due to
rotation with angle φ causes a strain γ that depends on the radius R and the length L of the
twisted sample:
γ = R
φ
L
(3.27)
3.3.5. Strain effects in ZnO
Tab. 3.1 summarizes calculated and experimentally determined elastic constants as well as de-
formation potentials of wurtzite ZnO found in literature [78–87]. It is obvious that the values
strongly deviate from each other. This can be ascribed to the fact, that a precise determination
of elastic constants is only possible when large stresses are applied, but so far reported experi-
ments were limited to values of 500MPa [88]. Conventional stress experiments as carried out by
Wrzesinski and Fröhlich [86] are usually performed in a pressure cell. This procedure is some-
how limiting since only compressive deformations can be explored. However, the problems
23
Table 3.1.: Elastic constants (in GPa) and deformation potentials (in eV) of wurtzite ZnO.
Ref. Cal./Exp. C11 C12 C13 C33 C44
[78] Cal. 246 127 105 246 56
[79] Cal. 226 139 123 242 40
[89] Cal. 218 137 121 229 38
[80] Cal./Exp. 198 113 96 210
[81] Exp. 210 121 105 211 42
[82] Exp. 207 118 106 210 45
[83] Exp. 190 110 90 196 40
Ref. Cal./Exp. a1 −D1 a2 −D2 D3 D4
[84] Exp. -3.9 -4.0 -1.2 0.9
[85] Exp. -3.8 -3.8 -0.8 1.4
[86] Exp. -3.90 -4.13 -1.15 1.22
[87] Cal. -3.06 -2.46 -0.47 0.84
of limited stress values as well as the non-accessibility of tensile stress with the conventional
methods has been overcome by bending of axial nanostructures.
Up to now, ZnO nanostructures have been subject to a variety of mechanical treatments in
order to explore their elastic properties [90, 91]. They embody perfect systems for strain inves-
tigations since they naturally provide both tensile and compressive deformation at their outer
and inner edges, respectively, when they are bent.
Since ZnO nanowires grow along the [0001]-direction and are able to exhibit very large aspect
ratios, they can easily be bent along their c-axis. The strain that is induced by bending depends
on the wire diameter d and the radius of curvature RC
εzz = ±
d
2RC
. (3.28)
The ’+’ accounts for tensile, the ’-’ for compressive strain.
Han et al. were the first group that reported on strain effects in ZnO nanowires [92]. They
performed CL experiments on mechanically bent ZnO wires. Unfortunately, they could only
observe a tensile deformation of their wires and the spectra (which they recorded at the tem-
perature of liquid nitrogen) did not allow the determination of any deformation potential due
to large thermal broadening. Also Xue et al. tried to investigate bent ZnO nanowires by CL and
indeed observed red- and blueshifts. However, they used an acceleration voltage of 5 kV and
an electron beam current of 100 nA. These values are much too large in order to ensure a suf-
ficient spatial resolution that is essential when investigating nanostructures. Further, exciton
diffusion has not been taken into consideration (ZnO exciton diffusion length is about 300 nm
[93]). Subsequently, the spatial distance between individual spots for measurements has been
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Figure 3.3.: Fracture strain versus diameter of ZnO nanowires. Data are taken from Ref. [90].
underestimated to be 50 nm which is only a sixth of the exciton diffusion length. These two
discrepancies can only be avoided when the size of the investigated structure is drastically
increased to a few hundred nanometers or several micrometers. Considering the available
publications up to now, there has been no substantial investigation of the uniaxial strain effect
in ZnO so far.
Desai and Haque performed bending experiments on ZnO nanowires that were intended to
explore the mechanical properties of ZnO micro- and nanostructures [90]. They found out,
that the strain nanowires can withstand before breaking - so-called fracture strain - strongly
depends on the wire diameter. Their results are depicted in Fig. 3.3. According to this, ZnO
nanowires with diameters below 250 nm are able to sustain strains of up to 0.15 without break-
ing. This corresponds to a stress of 10GPa and is 20 times larger than any stress that can be
accessed by conventional experiments. Note, that phenomena that relate to inelastic defor-
mation are not considered here. However, this implies that a large deformation can only be
achieved in wires with a small diameter, which is in contrast to the statement above. Hence,
a precise analysis of the strain state in ZnO micro- and nanostructures is always accompanied
with a trade-off between sufficient resolution and strain range.
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4. Cavity effects
This chapter is intended to give an overview of the fundamentals for the observation of opti-
cal resonances in dielectric wire resonators. This includes the basics of mode formation (see
Sec. 4.1), the electromagnetic (Sec. 4.2) and ray-optical description (Sec. 4.3) of one- and two-
dimensional cavity modes as well as the origin of photonic dispersion curves (Sec. 4.4), the
phenomenon of light-matter interaction (Sec. 4.5) and different modal gain mechanisms for
stimulated emission (Sec. 4.6).
4.1. Optical resonances in luminescence spectra
In this work, cavity effects have been investigated by luminescence spectroscopy of the res-
onator material. This means, cavity resonances are excited from the inside - by the cavity lu-
minescence itself [94]. Thus the observation of cavity modes requires the presence of spectrally
broad luminescence bands. For ZnO this is fulfilled by the green defect band centered at around
2.5 eV and the exciton band at 3.3 eV.
Spontaneous emission in a bulk crystal can be simplified by the problem of an atom that cap-
tures an excited state and spontaneously relaxes to a ground state by emitting a photon with
energy hν - the energy difference between both states. The rate A of spontaneous emission of
transitions from intial state ∣i⟩ to final state ∣ f ⟩ can be expressed by Fermi’s golden rule [95]
A =
∣⟨ f ∣H∣i⟩∣2
h¯2
ρ(ν) (4.1)
where ∣i⟩ is the excited state. H is the Hamiltonian of the atom-field interaction and ρ(ν) is
the photonic density of states. In free space, the photonic density of states would quadratically
depend on the frequency ν as
ρs(ν) = 8π
c3
ν2, (4.2)
but in a cavity the density of states changes to ρc = 1/(∆νV). With mode quality factorQ = ν/∆ν
and cavity volume V ≅ (λ/2)3 it reads
ρc(ν) = 16Q
c3
ν2, (4.3)
which is nearly the density of states in free space but multiplied by the mode quality factor,
thus Ac ≈ QAs. This effect has initally been discussed by E.M. Purcell and is thus called Purcell
effect [96]. It has been experimentally evidenced by several groups [97–99]. The Purcell effect
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Figure 4.1.: Left: Schematic side-view of the dome of St. Paul’s cathedral in London with the
whispering gallery (red). Right: View through the dome of St. Paul’s cathedral. Picture taken
from www.stpauls.co.uk.
illustates that the rate of spontaneous emission can be drastically enhanced in the vicinity of
a high-quality optical mode. As a result, the intensity of the luminescence spectra is noticably
increased at the energetic positions of the resonances. The cavity mode energies can thus easily
be extracted from the spectra.
4.2. Low-order whispering gallery modes
The term ’whispering gallery mode’ (WGM) was first introduced in 1910 by the late Lord
Rayleigh while describing curious acoustical effects in the ’Whispering gallery’ in the dome
of St. Paul’s cathedral in London [100]. He was the first who tried to theoretically comprehend
the effect of acoustic waves that are transported nearly loss-free from one side of the gallery to
the other by total internal reflections. He wrote [101]:
’The phenomena of the whispering gallery, of which there is a good and accessible
example in St Paul’s cathedral, indicate that sonorous vibrations have a tendency to
cling to a concave surface.’ [L. Rayleigh, 1910]
The optical analogon of Rayleigh’s theory of sound was already discovered in 1908 byMie who
performed light scattering experiments on colloidal solutions [102]. In general, WGM can be
treated as two-dimensional phenomenon since they always propagate in a two-dimensional
plane. This definition is valid for both spherical and non-spherical resonators. An intensive re-
search for whispering gallery resonators came up in the early 1990s when McCall et al. demon-
strated the succesful fabrication of InP microdisks that exhibited WGM with very high quality
factors [7], higher than any other optical confined light mode so far. Since then, WGM have
been observed in a variety of dielectric resonators [6], such as microspheres, microposts [103],
28
microdisks [104] or microtoroids [105]. Even extraordinary resonator morphologies such as li-
maçons [11], bow-ties [13] or rational caustics [12] can exhibit WGM signatures that are highly
directional. The current record Q value is 8 × 109 which was reported in a silica microsphere
[106].
In general, WGM only arise in resonators with Cm symmetry (m = 2−∞) due to constructive in-
terference of light waves that propagate in the resonator cross section plane by total internal re-
flection at the plane boundaries. The appearance of distinctWGM signatures is hereby strongly
correlated to the resonator morphology. Hence, they are also called morphology-dependent
resonances (MDR). The WGM signatures, i.e. the electromagnetic field distributions of WGM,
can be modelled by solving the Maxwell equations in the cross section of an infinitely long
(along the z-direction) dielectric cylinder with its optical axis parallel to the cylinder axis. The
Maxwell equations for vanishing charges and currents read
rot E⃗ = − ˙⃗B, (4.4)
rot H⃗ = ˙⃗D, (4.5)
div D⃗ = 0, (4.6)
div B⃗ = 0. (4.7)
with electric (magnetic) field strength E⃗ (H⃗), electric displacement field D⃗ and magnetic field
B⃗. The fields are connected via the material parameters: D⃗ = ǫǫ0E⃗ and B⃗ = µµ0H⃗. Here, ǫ
(µ) is the dielectric constant (magnetic moment) and ǫ0 (µ0) is the dielectric (magnetic) field
constant. In the followig, we will only discuss non-magnetic materials, thus µ will be set to 1.
In order to account for a possible biaxial anistropy of the resonator material, we introduce ǫ∥
(= n2∥) as dielectric constant along the z-direction and ǫ⊥ (= n
2
⊥) as dielectric constant along the
x, y-directions. The resonator shall be surrounded by air, with ǫ⊥,∥ = 1.
Chosing the plane wave ansatz for electric and magnetic field strengths of the electromag-
netic field wave vector, the Maxwell equations can be transformed into the two-dimensional
Helmholtz equations (for vanishing z-components) that read
0 = ∆Hz − n2⊥k
2Hz, (4.8)
0 = ∆Ez − n2∥k
2Ez, (4.9)
with wavevector k and Laplace operator ∆ = ∂2x + ∂
2
y. Eqs. 4.8 and 4.9 allow the full separation
of both polarizations into transversal magnetic (Hz∥zwith n = n⊥) and transversal electric (Ez∥z
with n = n∥) polarization. There are several ways to solve the two-dimensional Helmholtz
equation depending on the shape of the dielectric resonator. In order to introduce the basic
principles of mode formation, the spherical resonator shall be discussed here since it provides
an analytical solution of Eqs. 4.8 and 4.9. Subsequently, more complex resonator shapes will be
examined in Part III.
The main demand on a solution of Eqs. 4.8 and 4.9 (and of its derivative) is the continuity at the
resonator boundary. For a spherical resonator with radius R, this can be fulfilled by the usage
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Figure 4.2.: TM-polarized mode patterns ∣E⃗2∣ of WGM with azimuthal mode numbers N
and radial mode numbers M in a microsphere resonator, (N,M). The white lines mark the
resonator edge. Color bar represents a logarithmic scale over two decades. The refractive
index of the resonator was chosen to be n = 2.5 for all mode patterns.
of Bessel functions inside the resonator and Hankel functions outside [107]. Individual modes
can then be found as roots of the transcendental determination equation
0 =
J′M(nkR)
JM(kR) − κH
′(1)
M (nkR)
H(1)M (kR) (4.10)
with Bessel functions and first Hankel functions of order M. κ accounts for the anisotropy,
κ = 1/n⊥ for TM-polarization and κ = n∥ for TE-polarization.
In circular resonators eachWGM is described by three quantum numbers (referring to atoms): a
radial mode number M, that gives the number of nodes in radial direction of the resonator cen-
ter, an angular mode number N, that gives the number of wavelengths in a closed roundtrip,
and an azimuthal mode number L, that takes values L = −N⋯0⋯+N [108]. Both mode num-
bers N and L describe the angular momentum of a mode. Note, that modes with same radial
mode number but different azimuthal mode number are degenerate. Their degeneration can
be lifted by breaking the spherical symmetry [108]. However, in a ’regular’ sphere WGM can
be described by only using two mode numbers, N and M.
Mode patterns for different WGM can be seen in Fig. 4.2. Their mode numbers are indicated at
their upper left corner as number pair N,M. The first three modes are WGM with constant M
but different N. It can be seen that along the perimeter the number of maxima increases by 2
when N is increased by 1 which is due to the fact that maxima and minima appear in the same
fashion in the plot and cannot be distinguished from each other. For WGM with constant N
but different M the number of nodes in radial direction increases by 1 when M increases by 1.
As mentioned above, the solution of the two-dimensional Helmholtz equation strongly de-
pends on the resonator morphology. However, for non-spherical resonators such as polygons,
Eqs. 4.8 and 4.9 cannot be solved analytically since sharp discontiuities arise by introducing
corners into the resonator. Several numerical procedures have been developed that are able
to overcome these problems. Wiersig introduced the boundary element method (BEM) that
solves the Helmholtz equation pointwise with an agglomeration of points at the corners that
have been rounded off into conic sections [109–111]. However, in this thesis another numeri-
cal treatment of the Maxwell equations was applied: the finite-difference time domain (FDTD)
method that rotationally solves Eqs. 4.8 and 4.9 in time and space. Note, that this method
also requires a discretization of the resonator shape which means that the computational effort
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strongly increases with increasing the desired accuracy of the solution. Details of the calcula-
tion mechanisms and chosen parameters can be found in Sec. B.1.
Independent from the chosen method, the introduction of radial and azimuthal mode numbers
still remains valid for non-spherical geometries, even in polygons with low-order WGM [111].
Nevertheless, in the following the focus will lie on WGM with a constant radial mode number
M = 1.
4.3. High-order whispering gallery modes and Fabry-Pérot modes
As can be seen from Eq. 4.10, the eigenvalues of WGM and their mode numbers strongly de-
pend on the size of the resonator: the larger the resonator is, the more mode numbers can
be observed in a certain limited wavelength range, i.e. the quantitative treatment of WGM
with high mode numbers requires a high numerical effort of the implemented computational
method. So if the resonator size and with that the computational demands increase over the
accessible computational circumstances, approximation procedures have to be found.
Here, a simple optical wave ray model for the treatment of WGM in resonators whose lateral
extension is much larger than theWGMwavelength is applied. This model in principle even al-
lows the observation of another kind of optical resonances that have not been discussed before:
Fabry-Pérot modes (FPM).
4.3.1. Whispering gallery modes
Every WGM can umambigeously be identified by its mode energy (for a given cavity cross
section width d and refractive index n). Basically, these mode energies E can be calculated for
resonator widths much larger than the wavelength of the incident light via a simple, geomet-
rical plane wave model that accounts for constructive interference of light waves that pass a
closed roundtrip of length L by total internal reflection (TIR). Due to TIR a phase shift δ arises
that also affects the mode energy:
E =
hc
nL
(NWGM + K
π
δ) (4.11)
where
δ = arctan
⎡⎢⎢⎢⎢⎢⎣κ
¿ÁÁÀn2 sin2 θi − 1
cos2 θi
⎤⎥⎥⎥⎥⎥⎦ (4.12)
with WGM mode number NWGM, the amount of total reflections K at the boundary and the
angle of incidence θi of the impinging waves.
Note, that in resonators with circular cross section such as microdisks (m = ∞), WGM can
adopt a multitude of optical pathways according to the number of reflections K - only limited
by the conditon that the optical pathway represents a closed loop. Polygonal resonators with
finite symmetry m ≠ ∞ (e.g. hexagonal or dodecagonal) are limited in optical pathways by
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Figure 4.3.: (a) Loss mechanisms in a hexagonal dielectric resonator: boundary-wave leakage
(green line) and pseudo-integrable leakage (blue line) [110]. Angle of deviation from perfect
WGM (red line) was chosen to be ∆θ = 0.5°. (b) CalculatedWGM linewidth ΓWGM vs. resonator
diameter (according to Eq. 4.15) for a hexagonal dielectric resonator and energy 3.25 eV.
morphology that drastically decreases the number of possible optical pathways (see part II). In
the following only cavities with m ≠ ∞ shall be discussed.
In a perfect dielectric resonator, WGM would infinitely long be confined inside the cavity and
never leak out. In a real resonator wave effects occur that lead to optical losses of the cavity
modes. These losses manifest in the mode linewidth ofWGM. The linewidth theory ofWGM in
a hexagonal resonator (m = 6) has been thoroughly carved out by Jan Wiersig [110]. All present
loss mechanisms are related to the resonator corners: diffraction at the corners, boundary-
wave leakage and pseudointegrable leakage. Hereby, diffraction at the corners only affects the
emission directionality but not the WGM escape rate and thus does not contribute to emission
losses.
The evanescent boundary wave travels along the dielectric interface and experiences losses
fbw(n) at the corner (see green line in Fig. 4.3) of the order
fbw(n) = − 3n3
4(n2 − 1)√3n2 − 4. (4.13)
Pseudointegrable leakage fpi occurs due to angular deviations ∆θ from the ‘perfect’ angle θi
(see blue line in Fig. 4.3) and reads
fpi(n) = − 2π3n2 δ. (4.14)
The WGM linewidth ΓWGM depends on the total optical loss f (n) = fbw(n)+ fpi(n) and follows
(according to Heisenbergs uncertainty principle [112])
ΓWGM = −( hc2πRi)2 2 f (n)E (4.15)
with Ri being the shortest distance between resonator center and resonator edge. The cal-
culated mode linewidth ΓWGM vs. resonator radius is displayed in Fig. 4.3b. The grey area
displays the radius range in which Eq. 4.11 does not retain validility.
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Figure 4.4.: (a) Optical pathway of FPMwith non-vertical incidence in a planparallel dielectric
slab. (b) Calculated FPM linewidth ΓFPM vs. slab thickness (according to Eq. 4.19) for vertical
incidence and E = 3.25 eV in case of a dielectric slab dispersed in air.
4.3.2. Fabry-Pérot modes
If θi is below the critical angle for total internal reflection θTIR = arcsin(n/nAmb) then parts of
the light intensity are transmitted into the surrounding medium (ambiance = Amb) with angle
θt. The other part is reflected back into the cavity with reflectivities
RTM = ( tan(θi − θt)tan(θi + θt))
2
, (4.16)
RTE = (sin(θi − θt)sin(θi + θt))
2
. (4.17)
However, if the reflected wave packets are likewise reflected at a dielectric interface that is
parallel to the first one, then the twofold reflected waves are able to constructively interfer with
the incident wave packets. The resulting standing waves are of one-dimensional character, so-
called Fabry-Pérot modes (FPM), and are known as layer thickness interferences. The FPM
energies EFPM can be calculated via a plane-wave model for cavity sizes much larger than the
incident wavelength (similar to what was elaborated for WGM) to
EFPM =
hc
2nL
NFPM (4.18)
with FPM mode number NFPM and the distance between the parallel interfaces L. In constrast
to WGM, no additonal terms that account for phase shifts have to be considered in Eq. 4.18.
FPM experience a drastic decrease in intensity with every reflection at the interface. If one
considers a dielectric slabwith n = 2.5 dispersed in air, then the reflectivity for vertical incidence
is only 0.18. The according linewidth of FPM likewise depends on the reflectivity of the upper
RT and the lower dielectric interface RB but also on the size of the resonator:
ΓFPM = −
h¯c
L
ln (RTRB) . (4.19)
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Figure 4.5.: Different methods to experimentally access photonic dispersions in hexagonal
dielectric resonators: (a) Measurement along a tapered resonator with linearly varying diame-
ter. (b,c) Angular-resolved measurement along angles ϕz (b, between normal of top facet and
c-axis) and ϕx (c, between normals of top facet and side facets).
Eq. 4.19 provides an indication, why FPM are most commonly observed in dielectric structures
with a large extension in one direction since then the mode quality factor Q (= E/Γ) strongly
increases which facilitates the observation of FPM. The calculated mode linewidth ΓFPM vs.
slab thickness is displayed in Fig. 4.4b.
4.4. Dispersion curves of cavity photons
As outlined above, WGM and FPM are confined in either one or two dimensions, respectively.
This dimensional confinement leads to a quantization of the FPM and WGM wave vector k
along the confined direction
k =
2π
L
N. (4.20)
Hence, the cavity modes exhibit a photonic dispersion E(k) and thus a non-vanishing effective
photonic mass mPh. The photonic dispersion can be simplified (for small k) by an evaluation of
the inital expression E(k) = h¯ck⃗ = h¯c√k2x + k2y + k2z into a parabolic form [113]
E(k) ≈ E0 + h¯2k22mPh (4.21)
with
mPh =
hn
cL
N. (4.22)
The photonic dispersions can experimentally be derived by different measurement techniques:
(i) diameter- or (ii) angular-dependent luminescence experiments. A luminescence scan along a
tapered resonator that exhibits a linear change of its diameter along the wire axis (see Fig. 4.5a)
causes a spectral shift of the resonances. Usually, these shifts do not represent ‘true’ dispersion
curves but have been termed dispersion in [26]. The diameter-dependent change of WGM en-
ergies has already been shown by several groups [18, 26].
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Figure 4.6.: TE-polarized, photonic dispersion of WGM (top) and FPM (bottom) in depen-
dence of resonator radius in a hexagonal cavity. Spectra were calculated using Lorentzians at
peak positions according to Eqs. 4.11 and 4.18 with linewidths according to Eqs. 4.15 and 4.19
for WGM and FPM, respectively. Every tenth FPM and WGMmode number is highlighted by
a solid, black line.
Fig. 4.6 shows the radius-dependent photonic dispersion of WGM (top) and FPM (bottom) in
a hexagonal resonator. The spectra were calculated by using Lorentzian peaks at peak posi-
tions according to Eqs. 4.11 (m = 6) and 4.18 with linewidths according to Eqs. 4.15 and 4.19
for WGM and FPM, respectively. Fig. 4.6 illustrates the difficulties in distinguishing between
individual FPM rather than between WGM due to their larger linewidths, especially for larger
wire diameters. Further, it can be seen that WGM posses larger mode numbers N than FPM for
same radii which is due to their longer optical pathway.
The way to access the ‘true’ photonic dispersion of cavity photons is an angular-resolved lumi-
nescence or reflectivity measurement of the photon signature (see Fig. 4.5b,c). This is possible
since the emission angle θ of confined cavity photons is directly proportional to the light wave
vector via
h¯ck(θ) = E(θ) sin θ. (4.23)
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Figure 4.7.: Photonic dispersion of Fabry-Pérot modes in a 5µm cavity, calculated from
Eqs. 4.18, 4.19 and 4.21 along emission angles φx and φz for TE (left) and TM polarization
(right). The color-coded intensity bar is logarithmic.
For a resonator that is infinitely long extended in the z-direction, such as hexagonal wires,
two independent photonic dispersions can be detected along angles ϕy and ϕz (according to
Fig. 4.5b,c). However, in the case of FPM the both dispersions should be identical since FPM
are confined along the x-direction. An exemplarily calculated photonic dispersion of FPM in
a 5µm-thick hexagonal ZnO microwire can be seen in Fig. 4.7 for TE and TM polarization.
The FPM clearly blueshift with increasing emission angle for both polarizaions. This blueshift
becomes weaker for higher energies due to the increasing index of refraction. In the same way,
an increasing mode number N flattens the dispersion which is obvious from Eq. 4.21.
4.5. Strong light-matter coupling: exciton-polaritons
If one considers a dielectric material that on the one hand acts as photonic cavity and on the
other hand possesses an active medium that contains bosonic quasiparticles (e.g. excitons),
then light and matter can undergo a strong interaction inside the dielectric that leads to the
formation of a mixed light-matter system with new eigenstates and extraordinary properties.
The light-matter quasiparticles are so-called polaritons. In the following, only excitons will be
considered as matter ‘counterpart’ in the strong coupling regime - the term ‘polariton’ thus
always refers to exciton-polaritons.
The characteristic signature of the strong coupling regime is an anti-crossing of the eigenstates
of the coupled exciton-photon system and can be explored by the bare dispersions of both
exciton and photon. While the dispersion of photons is given by Eq. 4.21, excitons also exhibit
a parabolic dispersion that reads
EX(k) = h¯2k2X2mX (4.24)
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with the effective exciton mass mX. In the case of ZnO, the effective mass of excitons is 105
times larger than the effective photon mass. This leads to a drastic flattening of the excitonic
dispersion curve compared to the photonic dispersion.
The crucial quantity for the establishment of the strong light-matter coupling is the lifetime of
photon and exciton and the corresponding oscillator strengths. However, the photon lifetime
has to be high enough for an energy transfer between photon and exciton. The lifetime τ of the
photon is given by
τ =
1
2γPh
(4.25)
with mode linewidth γPh (in s−1), ΓPh = h¯γPh. If one assumes a two oscillator system of photons
with energy h¯ωPh and excitons with energy h¯ωX, then the spectrum of the system is described
by the coupled-oscillator equation
V2 = (h¯ωX − h¯ω − iΓX)(h¯ωPh − h¯ω − iΓPh) (4.26)
with exciton linewidth ΓX and coupling strength V. Note, that in this case V is defined as an
energy and not as a frequency as commonly done. The coupling strength V is a function of
the exciton oscillator strength. Eq. 4.26 has two solutions. The splitting Ω between the two
solutions in the case of resonance between photon and exciton (ωX = ωPh) is given by
Ω = 2
¿ÁÁÀV2 − (ΓX − ΓPh
2
)2 (4.27)
and is called the Rabi splitting. If V < ∣(ΓX − ΓPh)/4∣, the so-called weak coupling regime holds,
that is characterized by a crossing of exciton and photon dispersion and an increase of the
exciton decay rate due to the Purcell effect (as discussed above). This regime is typically used
for the fabrication of vertical cavity surface emitting lasers (VCSEL) [99]. However, ifV > ∣(ΓX −
ΓPh)/4∣, the strong coupling regime holds with an anti-crossing between exciton and photon
dispersion leading to the formation of two new eigenstates - the upper and lower polariton
branch - that significantly differ from the uncoupled system.
The fraction of the particle wave functions to the polariton wave function can be calculated via
the Hopfield coefficients [114]
HLP,X =
¿ÁÁÀ (EX − ELP)2(EX − ELP)2 +V2 (4.28)
HLP,Ph =
¿ÁÁÀ V2(EPh − ELP)2 +V2 (4.29)
HUP,X =
¿ÁÁÀ (EX − EUP)2(EX − EUP)2 +V2 (4.30)
HUP,Ph =
¿ÁÁÀ V2(EPh − EUP)2 +V2 (4.31)
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Figure 4.8.: Top: dispersion curves of uncoupled exciton (X, red line) and cavity photon (Ph,
black line) and coupled upper und lower polaritons (UP and LP, blue lines) for (a) negative,
(b) zero and (c) positive detuning ∆. The coupling strength is V = 50meV. Bottom: Quadratic
Hopfield coefficients representing the excitonic (red line) and photonic (black line) fraction of
the lower polariton branch. Adapted from Ref. [115].
where indices LP and UP stand for lower polariton branch and upper polariton branch, re-
spectively. Another important quantity in polariton physics is the energetic difference δE be-
tween the uncoupled exciton and photon. It reflects the particle character of the polariton
branches. For δE = 0 both exciton and photon contribute equally to the polariton branches
(H2X = H
2
Ph = 0.5) whereas for δE > 0 (δE < 0) the lower polariton branch is dominated by the
exciton (photon). The situation is vice versa for the upper polariton branch. The energy differ-
ence at zero wave vector is called detuning, δE(k = 0) = ∆. The calculated dispersion curves of
uncoupled as well as coupled particles are shown exemplarily in Fig. 4.8 for different detun-
ings together with the corresponding Hopfield coefficients.
4.6. Gain mechanisms for stimulated emission of cavity modes
Stimulated emission in semiconductors occurs when the optical gain exceeds the arising cavity
losses and absorption - ususally at elevated excitation densities. Possible gain mechanisms to
do so are exciton-exciton scattering or the formation of an electron-hole plasma. Special cases
of stimulated emission are achieved in the case of polariton and random lasers.
In the low-excitation regime, excitons can be treated as independent quasiparticles in the ab-
sence of any interactions between particles. When the optical excitation in increased, also
the exciton density is increased leading to many-particle effects and particle interactions. For
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slighty increased exciton densities, biexcitons can form and radiatively decay. This gives rise
to a recombination band - the M-band - that usually appears at energies of 3.35 eV in ZnO at
T = 4K [116]. It is also possible that excitonic processes of donor-bound exciton complexes are
involved in this recombination mechanism.
For intermediate excitation powers and exciton densities, exciton-exciton scattering (EES) oc-
curs which is either elastic or inelastic. The elastic EES leads to a strong broadening of the
recombination band [116] whereas the inelastic EES might lead to an elevation of one of the
two involved excitons into a energetically higher branch of the exciton dispersion and an relax-
ation of the other exciton into a photon-like branch. This process induces the emergence of an
additional recombination band - the P-band - usually observed at energies of 3.31 eV (T = 4K)
in ZnO [117]. The large linewidth of the P-band is caused by the statistical occupation of bands
P2 - P∞. However, the inelastic EES is limited to temperatures below 200K in ZnO [118].
If the excitation power is further increased, the exciton density can be that high that a point is
reached where excitons lose their quasiparticle character due to insufficient spatial distances to
each other. In this case, the assignment of a certain electron to a particular hole is not possible
any more and the constituents of the excitons behave as free carriers. Due to the increasing
free carrier density, screening of the Coulomb interaction occurs and the excitons decay into an
electron-hole plasma (EHP) if the screening length is in the range of the exciton Bohr radius.
The critical measure for this phenomenon is calledMott density (referring to the transition from
an insulator to a metal). Typical Mott densities of nMott = 2.0× 1018cm−3 have been reported in
ZnO [119]. The EHP shows a pronounced redshift with increasing excitation power due to
bandgap renormalization which is in turn due to exchange and correlation interactions.
A special case of gain mechanism is the polariton-polariton scattering. It occurs in the case
of strong coupling between the excitonic reservoir and the cavity modes. Due to the bosonic
character of polaritons, they all possess the same energetic ground state in which they can relax
under excitation. A blueshift occurs due to repulsive interaction between fermionic parts of the
exciton reservoir and is a characteristic signature of the polariton lasing regime. If the ground
state population is high enough, polariton-polariton interaction occurs accompanied by scat-
tering of polaritons into higher energetic states. Note, that polariton lasing occurs without
population inversion and is thus regarded as a possible solution towards ultra-low threshold
lasing. Due to this reason the investigation of ZnO-based microcavities became prominent in
the last years since they offer room-temperature-stable excitons and high oscillator strengths in
contrast to GaAs-based cavities [31]. The fabrication of a ZnO-based microcavitiy succeeded
only very recently and was reported by two research groups [36, 37]. Polariton lasing was re-
ported up to T = 250K. Note, that common polariton microcavities consist of multi-layered top
and bottom Bragg mirrors sandwiching an active ZnO region. As an alternative to the highly
elaborated fabrication process, WGM in ZnO microwires were also proposed to realize polari-
ton lasing.
Another class of ‘unconventional’ lasers are random lasers that build up by closed, optical loop
pathways that develop in disordered dielectric media in the case of strong scattering when re-
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current scattering events provide coherent feedback [120]. Optical gain has to be larger than
arising losses in that case in order to achieve random lasing. It has been shown that the scat-
tering free mean path has to be reduced to or below the wavelength of the light [121]. Then,
the probability that light returns back to the point where it has been scattered before is strongly
enhanced [122] and more closed loop paths can be formed.
Experimentally, several criteria have developed in the last years that need to be fulfilled for
the generally accepted realization of a random laser in order to distinguish them from con-
vential lasers. First it has to be proven that lasing modes do not originate from individual
nanostructures that act as single resonators (as it the case for WGM and FPM resonators, see
above) rather than originate from several disordered structures that represent strong scattering
sources. Further, PL experiments with varying laser spot diameters should show a different
number of lasing peaks in PL spectra since the change of the spot also affects the number of
closed loop paths. And additionally, different lasing spectra need to be detected for different
emission angles because arbitrary closed loop paths also exhibit different output directions.
Random lasing was demonstrated in several ZnO nanostructures, such as ZnO powder [122,
123], ZnO nanowires [124], ZnO nanoparticles [125] or polycrystalline ZnO thin films [121, 126].
Fallert et al. were even able to experimentally show that random laser modes in ZnO powder
can be subdevided in either strongly localized or extended modes [123]. The observation of
both kinds of modes strongly depends on the spatially present optical gain and mode quality
factors.
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Part II.
The regular WGM resonator
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5. Introduction into regular resonators
The regular resonator is defined as ‘homogeneous’ polygon with Dm symmetry (dihedral with
m reflections and m rotations), i.e. a tuple with elements Pi (1 ≤ i ≤ m,m ≥ 3) and PiPi+1 =
PmP1. In this regard, the term ‘homogeneous’ polygon means that the dielectric properties of
the resonator do not change within resonator. A special case of regular resonator is the circle
with m = ∞.
Fig.5.1 shows resonators with triangular (m = 3), quadratic (4), hexagonal (6), octahedral (8),
dodecagonal (12) and circular cross section (∞) together with corresponding WGM patterns
(for different azimuthal mode numbers) whose number of reflections M equals the number of
symmetry planes m.
The calculations were carried out in vacuum (n = 1). The refractive index of the resonator was
chosen to be 2.5 in order to ensure total internal reflection (TIR) for all resonator geometries.
The minimum angle for TIR is 30° in case of triangularWGM. This requires a resonator index of
at least n = 2. Fig.5.1 shows two distinct features: (i) it can be seen that the propagation of light
waves from the resonator into the surrounding decreases with increasing N for all resonator
geometries which can easily be explained by the shortening of the wave with increasing N. (ii)
The enhancement of symmetry strongly affects the formation of the nodes and antinodes of the
WGM. The higher the symmetry is, the more the WGM cling to the resonator edge - this min-
imizes optical losses due to refraction into the surrounding. As a consequence, the formation
of an optical camber inside the resonator center is totally absent for a circular geometry. On
the other hand, resonators with non-circular cross section characteristically exhibit an intensity
maximum at the resonator center in the case of N = m (highlighted by red squares in Fig.5.1).
The regular hexagon is characterized by one main property: it is the only polygon whose
side length equals the radius of its circumscribed circle (see Fig. 5.2). We denote this radius
as Ra. The radius of the inner circle will be denoted as Ri. Both radii are connected via
Ri =
√
3Ra/2 = Ra sin 60○. The resonator diameter d will in the following be defined as two
times the outer radius, d = 2Ra. All internal angles between neighboring facets are 60○.
In pinciple, regular hexagonal resonators are able to exhibit three possible pathways of WGM
(see Fig. 5.2). The single hexagonal (S6) WGM undergo reflections at every single facet of the
hexagon and are given by the hexagonal symmetry of the cross section which means that they
cannot be observed in systems with m < 6. The S6 WGM are the most stable ones in this case
since they possess the largest angle of incidence. Their optical pathway is L = 6Ri. Besides S6,
also triangular WGM are possibly present in hexagonal resonators when the resonator material
has a refractive index n > 2. Triangular WGM can occur as single (S3) or double (D3) triangular
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Figure 5.1.: Normalized, TE-polarized mode patterns ∣E⃗2∣ of WGM with different azimuthal
mode numbers N and different resonator cross sections with symmetry orders m. The white
lines mark the cross section edge, the red squares highlight mode patterns with N = m. Color
bar represents a logarithmic scale over two decades. The refractive index was chosen to be
n = 2.5 for all mode patterns.
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38 8031
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Figure 5.2.: Left: Regular hexagon with inner radius Ri and outer radius Ra. Right: possible
WGM pathways in a regular hexagon (S6 = single hexagonal, S3 = single triangular, D3 =
double triangular) and correspondingmode patterns. The respective azimuthal mode numbers
are given as white numbers.
modes [O20]. Both differ by the number of reflections (and thus phase shifts) and the length of
the optical pathway. However, D3 WGM are able to constructively interfer which each other
already after passing half the pathway and half the number of reflections. This becomes clear
from Fig.5.2, where for D3 WGM light paths run parallel to each other and thus are able to
interfer. In this case, the optical pathway is L = 6 sin 60○Ri after 3 reflections. Note, that triangu-
lar modes are very hard to observe in experiments since their angle of incidence is very small
(leading to optical losses).
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6. One- and two-dimensional cavity modes
in ZnO microwires
This chapter comprises angular- and spatially-resolved photoluminescence investigations on
hexagonal ZnO microwires. In these experiments it turned out that both one-dimensional
Fabry-Pérot and two-dimensional whispering gallery modes can be present in ZnOmicrowires
but only form under certain circumstances (see Sec. 6.1). The cavity modes are unambigu-
ously identified by numerical analysis of their photonic mode dispersion. Furthermore, the
out-coupling mechanisms for both modes (Sec. 6.2), their temperature-dependence (Sec. 6.4)
and stimulated emission of whispering gallery modes (Sec. 6.3) are discussed.
6.1. Morphology-dependent formation of cavity modes
Fig. 6.1 depicts two SEM pictures (a,b) of a typical ZnO microwire. The SEM pictures were
recorded from top view at two different positions on the wire. Predominantly, the wire has a
regular cross section as exemplarily shown in Fig. 6.1a but can also locally exhibit cross sec-
tions that strongly deviate from the regular hexagonal one as shown in Fig. 6.1b where the
microwire is elongated. It is supposed that the elongated parts develop locally along the wire
during growth and can be ascribed to variations of the material supply in the tube furnace.
They maybe serve as starting points for the growth of a new microwire branch and thus show
a spatial exaggeration. Although this assumption cannot be verified in this thesis, it may main-
tian position when keeping the highly random growth process at ambient air conditions in
mind.
In order to quantify the microwire diameter d, its local elongation δ and to further account for
a possible tilting angle ψ of the microwire, it is necessary to determine the lengths l1, l2 and l3
from SEM pictures (scheme is illustrated in Fig. 6.1 for a regular (c) and an elongated (d) wire
cross section). The obtained lengths can be related to d, δ and ψ via
2l1 = d cos(π/3−ψ), (6.1)
2l2 = d(1+ 2δ) cosψ, (6.2)
2l3 = d cos(π/3+ψ), (6.3)
l1 + l2 + l3 = d(1+ δ) cosψ. (6.4)
For the SEM pictures of Fig. 6.1, this results in diameters of d = 8.9µm and 16.1µm and as well
as elongations of δ = 0.002 and 0.5 for (a) and (b), respectively. In both cases, the tilting angle
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Figure 6.1.: Top: SEM pictures of the (a) regular and (b) elongated hexagonal part of a ZnO
microwire from top view. The wire side facets are indicated by color bars having lengths l1, l3
and l2 or l2(1+ 2δ) for the regular or elongated part, respectively. Bottom: Schemes to illustrate
the determination of the wire diameter from the above SEM pictures for (c) a regular and (d)
an elongated microwire considering a certain tilting angle ψ of the wire. Here, a tilting angle of
ψ = 10○ was chosen for illustration.
was determined to be ψ = 8.5○. However, these values again verify the assumption of regular
and elongated hexagonal cross section in (a) and (b) but also show that the wire diameter can
locally change dramatically. Accordingly, the wire diameter was determined over the whole
wire length and can be seen in Fig. 6.2a. The entire wire has a length of about 2.5mm and its
diameter changes nearly linearly from 800 nm to 18.9µm. Note that data points determined at
elongated exaggerations are excluded in Fig. 6.1.
Fig. 6.2b shows a spatially-resolved CL scan along the same tapered microwire in a region
where the microwire diameter thinnens from 13.3µm to 12.2µm. All CL spectra were recorded
at room temperature and show a broad background luminescence centered at 380 nm which is
caused by the radiative recombination of free ZnO excitons and a weaker but also broad lu-
minescence band around 390 nm that is usually assigned to the so-called ‘P-band’ caused by
exciton-exciton scattering [117]. More importantly, the spectra are modulated by a multitude
of small peaks. These peaks show a decreasing spectral distance to each other with increas-
ing energy and most obviously their energetic position strongly depends on the current wire
diameter - it blueshifts for increasing diameter. Both facts are characteristic for cavity modes
whose mode spacing decreases with increasing energy due to the increase of the refractive
index near the excitonic transition and whose optical pathway increases for increasing wire
diameter shifting resonances to higher energies. This kind of ‘dispersion’ that arises due to an
increasing or decreasing diameter has been reported several times in literature, especially for
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Figure 6.2.: (a) Wire diameter (d = 2Ra, determined from top view SEM pictures according
to Eqs. 6.1 - 6.4) of a tapered ZnO microwire vs. wire length. The grey rectangle highlights
the scanning area of (b), the arrow points in the scanning direction. (b) Spatially-resolved,
room temperature CL scan along the regular part of the tapered ZnO microwire from Fig. 6.1
in a range where the wire diameter changes from 13.3µm to 12.1µm (from left to right). The
distance between individual spectra is 20µm.
whispering gallery modes in ZnO nano- and microwires [18, 26]. In order to identify and more
closely characterize the present photonic modes, angular-resolved PL scans were performed at
room-temperature along and perpendicular to the wire axis (details of the measurement setup
can be found in Sec. A.2).
Fig. 6.3 shows an angular-resolved and TE-polarized PL measurement of a ZnO microwire
with a diameter of d = 2.6µm. The spectra were all recorded at room temperature, either along
angle φz (right) or φy (left). The spectra again show luminescence from the free excitons in
ZnO. However, the energetic position is shifted to 378 nm. This is due to the different optical
response of excitons from different ZnO valence bands. A- and B-excitons are predominantly
TE-polarized whereas C-excitons are rather TM-polarized [127]. Thus a TE-polarized spectrum
as shown in Fig. 6.3 more likely shows contributions of ZnO A- and B-excitons that have larger
emission wavelengths. Besides the ZnO luminescence, again photonic modes are visible whose
spectral distance is much larger compared to that of Fig. 6.2 due to the much smaller wire di-
ameter. These modes blueshift non-linearly with increasing emission angle φz. This blueshift
is caused by the angular-dependent photonic mode dispersion.
In contrast to that, the modes do not show any spectral shift with increasing emission angle
φy. From this behavior, one can conclude that the cavity modes only propagate in the cross
section plane of the microwire and are of two-dimensional character, i.e. the present modes are
WGM. This point is easily justified by the fact, that any photonic mode dispersion is absent in
Fig. 6.3 (right). Subsequently, the modes have a continuous distribution of wave vectors in the
wire cross-section plane such as WGM do. Similar WGM dispersion curves have already been
observed in ZnO [30] and GaN microwires [40]. In both cases the observation of a photonic
dispersion was explained by the presence of exciton-polaritons, in contrast to this thesis. How-
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Figure 6.3.: Angular-resolved, TE-polarized PL spectra recorded at room temperature for the
angles φz (left) and φy (right) of a ZnO microwire with diameter d = 2.6µm. [O16]
ever, this issue will be discussed in detail in Sec. 6.3.
Note that differences in the mode peak positions might occur between the individual angular
scans at φz = φy = 0○. Theoretically, these peak energies should be identical due to the unidirec-
tionality of the emission in the normal direction. However, the microwires have to be rotated
by 90° between the individual measurements. This can cause a slight shift of the excitation and
detection spot between themeasurements on the taperedwire and thus a shift of the resonances
due to different wire diameters. Further, it has to be mentioned, that PL spectra in Fig. 6.3 as
well as Fig. 6.4 show several pairs of peaks along φz that are very close to each other. These
peak pairs are only visible for the WGM dispersion in z-direction and are absent in y-direction.
However, these peak pairs are due to the birefringence of ZnO and can be referred to TE- and
TM-polarized WGM. Contributions of both polarizations occur along φz (angle between nor-
mal of top facet and wire axis) since polarizations are mixed along φz and are only pure along
φy. In general, this effect should also be visible for larger wire diameters but probably do not
appear since the TE/TM splitting is much less for larger diameters [128] and cannot be resolved
in this case.
For a quantitative understanding of the recorded spectra in Fig. 6.3, calculations were carried
out in order to simulate the observed phenomena. Accordingly, spectra were generated along
angles φz and φy via Eq. 4.23 by using Lorentzian peaks with peak positions given by Eq. 4.11
(with K = 6, θi = π/3 and L = 6Ri), peak linewidths given by Eq. 4.15 and the ZnO index of re-
fraction n(E) from Fig. 2.2. The inner wire radius Ri can be determined from the experimental
peak positions of WGM at φz = 0○ or φy = 0○ (normal emission direction) likewise reducing the
number of free parameters to zero. The procedure gives a theoretical value of Ri = 1.11µm for
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Figure 6.4.: Angular resolved, TM-polarized PL spectra recorded at room temperature (left)
and calculated photonic WGM dispersion (right) along the angles φz (top) and φy (bottom) of a
ZnO microwire with diameter d = 2.6µm. [O16]
φz = 0○ and Ri = 1.10µm for φy = 0○ which is both in excellent agreement to the experimental
radius determined from SEM pictures according to Eqs. 6.1 - 6.4, Ri = (1.12 ± 0.01)µm for the
measurement position. However, it has to be mentioned that the excitation and detection spot
during the angular-resolved measurements is as large as 200µm. Further, the investigated mi-
crowire is tapered along its wire axis meaning that the coincidence of theory and experiment is
rather occasional in this case since the luminescence is collected from a large area.
The resulting calculated, angular-resolved spectra together with the respective experimental
spectra can be seen in Fig. 6.4 for the TM-polarization and both angles φz and φy. It is obvious
from Fig. 6.4 that the calculations comprehensively reproduce the photonic mode dispersion of
WGM in all issues such as dispersion curvature andmode linewidth. This excellent conformity
allows several conclusions: (i) the observed WGM have a hexagonal pathway inside the wire
cross section (S6, see Fig. 5.2) since K = 6 and L = 6Ri have been assumed for the calculation. (ii)
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Figure 6.5.: Angular resolved, TM-polarized PL spectra recorded at room temperature (left)
and calculated photonic FPM dispersion (right) along the angles φz (top) and φy (bottom) of a
ZnO microwire with diameter d = 16.6µm. [O16]
the S6-WGM do not propagate along spiral pathways that are extended in the z-direction. This
can be confirmed by both the observation of an independence of the peak positions with φy and
the agreement between theory and experiment along φz since the calculations are completely
based on WGM that are entirely confined in the two-dimensional cross-sectional plane of the
microwire. Spiral WGM would rather show a combination of both phenomena. This can be
excluded in this case from the above mentioned reasons.
The obtained results reveal that the fabricated ZnO microwires can be utilized as photonic
WGM resonators. If this is still the case when the wire shape changes from a regular hexagonal
cross section to an irregular resonator, will be elaborated in the following. Such an elongated
hexagon can be provided by ZnO microwires (see Fig. 6.1). The corresponding angular PL
scans are shown in Fig. 6.5 for TM-polarization (top: scan along φz, bottom: scan along φy).
Similar to WGM in Fig. 6.4, also PL spectra of an elongated hexagon show distinct resonances
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that possess a photonic dispersion along the z-direction (see Fig. 6.5 top left). However in con-
trast to WGM, these modes also show a dispersion for angles φy < 30○ in the cross-sectional
plane of the ZnO microwire which means that these cavity modes do only propagate along the
x-direction, between the top and bottom facet. Hence, they are FPM. Since both dispersions,
along φz and φy, have the same spectral curvature, one can deduce that these modes propagate
perpendicular to the z-axis and do not adopt zig-zag pathways. Otherwise, the photonic mode
dispersions would differ in both cases. Further, Fig. 6.5(bottom) shows a second mode struc-
ture with an opposite dispersion that can be observed for angles φy > 30○. These cavity modes
reveal a much denser spectral distribution compared to the modes at smaller φy angles. The ap-
pearance of this second mode structure can be explained by additional FPM between opposite
side facets tilted by 60° with respect to top and bottom facets. These facets have a larger spatial
distance between each other (see sketch in Fig. 6.5), subsequently FPM pass a longer pathway
and therefore show smaller mode spacings.
As it was done for WGM, likewise mode calculations were carried out for FPM and can be seen
in Fig. 6.5 on the left. Again, Lorentzians were used for the calculation at FPM energies accord-
ing to Eq. 4.18 with FPM linewidths corresponding to Eq. 4.19 and the dielectric background
of the ZnO index of refraction. The distance between top and bottom facet was determined
from the peak positions to 2Ri = 10.58µm for φz = 0○ (normal emission) and to 2Ri = 10.47µm
for φy = 0○, the distance between the opposite side facets (that are tilted by 60○ with respect to
top and bottom facet) can be deduced from the PL spectrum at φy = 60○ (which is equivalent
to the normal emission direction of this facet) to 7.22µm. This is equivalent to an elongation
of δ = 0.38. A comparison with diameters determined from SEM pictures is rather complicated
in this case since the measured spectra were collected at an hexagonally elongated outgrowth
along the ZnO microwire as shown in Fig. 6.1b. These outgrowths exhibit a strong local vari-
ation of the diameter making a correlation to the measurements impossible. Nevertheless, the
calculated spectra derived by using the above determined diameters show again a remarkable
agreement with the measured spectra.
The appearance of FPM in a thick microwire with d = 16.6µm and their absence in the case
of a thin microwire with d = 2.6µm can be understood in terms of the wire size. Since FPM
do not undergo TIR at the boundary, they are subject to substantial modal losses. The cavity
losses can be calculated to be 6500 cm−1 for a 2.6µm cavity at 380 nm (according to Eq. 4.19).
For small wire diameters FPM undergo a much larger number of reflections in a given time
interval, i.e. the time between reflections is very short, and are thus unfavored. Nevertheless,
their appearance is not forbidden in thin microwires but probably FPM linewidths are too large
to observe them caused by the short lifetime. An extension of the optical pathway reduces the
arising cavity losses (only 1000 cm−1 for a 16.6µm cavity) but also reduces the number of re-
flections for a given time period leading to an enhancement of the probability to observe FPM.
However, the reason for the absence of WGM in the case of large resonators is still unexplained
but will be discussed in the next section.
In order to gain more insight into the formation of individual modes, another microwire with
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Figure 6.6.: Angular-resolved, TM (left) and TE (right) polarized PL spectra along angles φz
(top) and φy (bottom) of a ZnO microwire with d = 6.5µm. [O16]
a regular hexagonal cross section and an intermediate diameter of d = 6.5µmwas investigated
- a resonator that fulfills all conditions for the simultaneous formation of FPM and WGM in
accordance to the observations made above. The corresponding angular-resolved PL scans can
be seen in Fig. 6.6 for both polarizations TM (left) and TE (right) as well as both angles φz (top)
and φy (bottom). As expected, the present cavity modes show a photonic dispersion along φz,
similar to Fig. 6.3 and 6.5. Nevertheless, the behavior is a little bit different for the PL scan
along φy. On the one hand, cavity modes without any φy-dependence can be seen, but on the
other hand also cavity modes that exhibit a dispersion are visible. This can only be ascribed to
the coincident formation of WGM and FPM in the microwire as anticipated before. As a con-
sequence, FPM show the same dispersion (but with opposite k-direction) for angles φy < 30○
and φy > 30○ which is due to the regular hexagonal resonator cross section. Fig. 6.6 also nicely
shows the effect of cavity modes that experience an enhancement of the overall mode intensity
when they are in resonance.
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Figure 6.7.: (a,b) Room temperature, unpolarized CL spectra of two ZnO microwires with
diameter 2.26µm (a) and 7.2µm (b). (c,d) SEM pictures of the two microwires from (a,b) with
small sections schematically showing the shape of the microwire corners (bottom). The length
of the white bars represents 1µm. (e) EBSD micrograph of a ZnO microwire recorded at its top
facet. The main crystallographic direction is indicated.
As demonstrated in this section, one- and two-dimensional cavity modes can separately or co-
incidently be observed in different resonator morphologies. The appearance of FPM in thick
wires has been explained by the simultaneus decrease of cavity loss and reflections when ex-
tending the wire diameter. At the same time, the reason for the absence of WGM in certain
regular microwires is still latent. Possible reasons for that will be discussed in the next section.
The influence of the elongation on the formation of WGMwill be discussed in Sec. 9.1.
6.2. Mode out-coupling
The top row of Fig. 6.7 shows typical room-temperature µ-PL spectra (for setup details see
Sec. A.2) of ZnO microwires that either exhibit WGM (a) or FPM (b) signatures. Their corre-
sponding SEM images can be seen in Fig. 6.7 in the middle row for the WGM (c) and FPM
(d) microwire. Both microwires are hexagonal. The schematically drawn image sections in the
bottom row of Fig. 6.7 depict the height profile of the wire cross sections at their corners. It is
obvious that both corners strongly differ. Whereas the FPM microwire has a sharp corner, the
WGMmicrowire exhibits amore flattened transition from top to side facet. Usually, all hexagon
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Figure 6.8.: Top: TE-polarized far-field mode patterns of hexagonal WGM in a hexagonal
resonator with (a) diminishied and (b) regular corners. The corners were shortenend by 0.05R
in (a). The resonators are represented by white areas. The intensity scale was chosen with
respect to the mode peak intensity maximum and is the same for both patterns for compari-
son. Bottom: All in literature available SEM pictures of ZnO microwires that show stimulated
emission of WGM: (1) Ref.[25], (2) Ref.[23], (3) Ref.[29], (4) Ref.[129], (5) Ref.[30], (6) Ref.[130].
State:05/2012.
facets in ZnOmicrowires are m-plane facets (1010 family) which is evidenced in Fig. 6.7e (same
as in Fig. 2.6) by an EBSD pattern recorded at a microwire top facet. Subsequently, the flattened
corners of the WGM have to be a-oriented (1120 family) since they are rotated by 30° to the m-
facets. This phenomenon is also known from PLD-grown ZnO nanowires that can even exhibit
dodecagonal cross sections although their crystal structures mainly favors a hexagonal shape
[20]. The appearance of different corner shapes in different ZnO microwires can be caused by
the highly random growth process at ambient air conditions wherematerial supply and growth
temperature possibly vary at different local positions and different runs of microwire growth
(for details of the VPT process see Sec. 2.3).
The most obvious conclusion from Fig. 6.7 is that WGM preferentially couple out in non-
perfect hexagonal resonators such as shown in Fig. 6.7a because the corners represent large
discontinuities. In the same fashion, WGM are absent in PL spectra of nearly perfect hexagonal
resonators as depicted in Fig. 6.7b since they only hardly couple out. This hypothesis is sup-
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ported by the theoretical treatment of hexagonal WGM byWiersig who associated all emerging
modal losses of WGM to the presence of the corners when adopting non-perfect optical path-
ways [110].
In order to confirm the statements, FDTD calculations were performed on both a perfect hexag-
onal resonator and a non-perfect hexagonal resonator with flattened corners. The resulting far-
field mode patterns of hexagonal WGM can be seen in Fig. 6.8. In both cases, the intensity scale
is the same with respect to the peak maximum. It is obvious, that the far-field pattern for the
resonator with flattened corners (shortened by 0.05R) in Fig. 6.8a is much more pronounced
than the pattern of the perfect hexagon in Fig. 6.8b. This means that the WGM more strongly
leak out in a non-perfect hexagon whereas they remain inside the resonator for a perfect res-
onator shape. This is in agreement to the experimental finding from above. Fig. 6.8a also shows
a certain intensity bunching along the direction of the corners, i.e. the a-direction. This phe-
nomenon has so far been observed in elliptical WGM resonators with a circular kink along the
periphery of the ellipse [14]. There, this discontinuity also leads to a strong unidirectionality of
the WGM emission along the kink direction.
The correlation found between the PL spectra and the microwire morphology indicates that the
shape of the resonator corner strongly influences the emergence of WGM and disappearance
of FPM. This could additionally be confirmed by atomic force microscopic (AFM1) measure-
ments on both kinds of microwires: the wires with sharp corners exhibit surface roughnesses
(rms-value) below 1nm (only limited by the setup resolution), the wires with fringed corners
show rms-values of over 10 nm. The different surfaces morphologies can again be attributed to
different material supplies and temperatures in different VPT growth runs and give one more
argument for the absence of FPM in fringed wires. The large surface roughness induces a much
more diffused reflection (for non-TIR) of light at the ZnO/air interface and thus reduces possi-
ble constructive interference between top and bottom facet necessary for the formation of FPM.
In contrast to that, WGM do not depend on the surface roughness in this extend due to TIR.
The bottom row of Fig. 6.8 shows several SEM pictures of ZnOmicrowires in which stimulated
emission of WGM has been reported in literature [23, 25, 29, 30, 129, 130]. Although these wires
were grown in different systems and thus differ in wire diameter and wire length, they all have
one thing in common: they all exhibit very rough surfaces and only closely resemble a perfect
hexagonal cross section without being exactly perfectly hexagonal. Further, their corners are all
flattened just like the microwire presented in Fig. 6.7a that also showed clear WGM signatures.
There are no reports in literature that present both the fabrication of perfect hexagonal wires
together with luminescence spectra showing WGM. This is in accordance to the considerations
above.
1AFM measurements were performed by Dipl.-Phys. Tammo Böntgen in the Semiconductor Physics Group at
Universität Leipzig.
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Figure 6.9.: Excitation-dependent PL spectra of a ZnO microwire with sharp corners and
Ri = 4.96µm recorded at T = 10K. Inset: SEM image of the investigated microwire. Length of
the scale bar represents 5µm.
6.3. The corner effect in whispering gallery mode lasing
Excitation-dependent PL spectra of a ZnOmicrowire with Ri = 4.96µm recorded at low temper-
atures (T = 10K) can exemplarily be seen in Fig. 6.9 for excitation powers between 30 kW/cm2
(lower black line) and 250 kW/cm2 (upper red line). The microwires were excited by a pulsed
Nd:YAG laser operating at 266 nm with pulse lengths of 10 ns and a repetition rate of 20MHz
(see Sec. A.2). The spectrum with lowest excitation (lower black line) only shows a sharp max-
imum that arises from the I6 line of aluminium-bound excitons. With increasing excitation
densities, more and more sharp peaks appear below the I6 line whose intensity increases su-
perlinear. The arising peaks show an increasing peak spacing with increasing wavelength.
From their energetic positions, these peaks can be attributed to S6-WGM with mode numbers
ranging from N = 175 to 218 as labeled in Fig. 6.9. For the calculation of mode numbers in
Fig. 6.9, a low-temperature ZnO index of refraction was used derived from spectroscopic el-
lispometry performed at low temperatures of T = 10K as can be found in [45]. The superlinear
increase of the mode intensity is a clear indication for stimulated emission of the cavity modes,
i.e. whispering gallery mode lasing [24].
The microwire investigated in Fig. 6.9 has sharp corners (see inset). In this regard, it is sur-
prising to observe WGM in such a wire since only FPM were observed before (see Sec.6.2).
Nevertheless, this finding confirms the previous assumption that WGM are indeed present at
low excitation densities but do not leak out due to much smaller out-coupling sites. The situa-
tion is different in the stimulated emission regime. There, enough light is generated that is able
to exit the resonator.
In order to investigate the influence of the corners on the onset of stimulated emission, PL
spectra for different excitation densities were recorded for a microwire with fringed corners
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Figure 6.10.: Integrated PL intensity in dependence of excitation density at T = 10K (a,b) and
room temperature (c) for WGM in ZnO microwires with fringed corners (a) and sharp corners
(b,c). The corresponding mode numbers and wire radii are given in each plot. The horizontal
dotted lines represent the zero intensity line.
(Ri = 2.56µm) and a microwire with sharp corners (Ri = 2.22µm). Note that threshold values
strongly depend on the size of the resonator due to varying mode quality factors [23]. In or-
der to account for that, microwires with radii in the same range were chosen for comparison.
The evolution of the integrated PL intensity in dependence on the excitation density for both
microwires can be seen in Fig.6.10a,b for low temperatures (T = 10K). For the microwire with
fringed corners, a threshold excitation density can be determined to be roughly 70kW/cm−2
(determined from a WGM with N = 81 at 372.8 nm) whereas the threshold density for the mi-
crowire with sharp corners is about a factor 3 smaller than that of the microwire with fringed
corners. The particular value is about 25 kW/cm2. The lower threshold density for the perfect
resonator can be explained by a longer lifetime of WGM and thus much higher quality factors.
In this regard, it is evident that WGM more likely undergo stimulated emission rather than
FPM since their optical losses are much smaller.
When increasing the temperature, also the lasing threshold increases [131, 132]. In this con-
text, no room-temperature stimulated emission of WGM could be observed in microwires with
fringed corners in this thesis although publications exist that report the lasing regime of WGM
up to room temperature [23, 129]. However, the values reported in Ref. [23] are in the range
of 400 kW/cm2 for similar wire diameter. Here, the absence of the lasing regime in the fringed
wire is most probably caused by the increased lasing threshold that exceeds excitation values
available with the present setup. However, the microwires with sharp corners indeed show
pronounced lasing peaks at room temperature as illustrated in Fig. 6.10c. The investigated mi-
crowire is the same as that of Fig. 6.10b but the lateral recording position is different, the inner
wire radius is 2.02µm here. The lasing threshold is about 100 kW/cm2, i.e. a factor of 4 smaller
than the value reported in [23].
The excitation-dependent PL experiments again confirm the assumption that the corners play
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a key role in mode out-coupling of polygonal resonators. Their shape strongly affects the mode
quality factor and with that the mode lifetime and the lasing threshold.
6.4. Temperature-Dependence
Fig. 6.11 shows angular-resolved PL measurements for different temperatures ranging from
20K to 290K carried out on a ZnOmicrowire with sharp corners and an inner radius of 3.31µm.
Exemplarily, only TE-polarized spectra are shown. The spectra were recorded with an imaging
setup (for details see Sec. A.2). Note that the intensity changes for different angles φz are due
to measurement issues and can be caused by insufficient illumination and deficient reading of
individual channels in the used charge-coupled device (CCD).
However, it is obvious that the PL spectra are dominated by transitions of bound excitons
(around 369 nm) at low temperatures that decompose thermally activated with increasing tem-
perature. The dominant role in PL spectra is then captured by excitons bound to structural
defects for temperatures > 100K whose emission is centered at around 374 nm. Roughly above
200K, free excitons and their phonon replica dominate the near band emission of the ZnO mi-
crowires. Besides the excitonic recombination bands, also cavity modes are visible in the entire
temperature range which are of the Fabry-Pérot type. The corresponding FPM numbers are
given in Fig. 6.11 for T = 290K and range from N = 73 to 84 in the shown spectral range. As can
be seen in Fig. 6.11 for temperatures above 100K, the FPM are visible up to the energy of the
ZnO free excitons, for energies above they are subject to absorption. When reducing the tem-
perature starting from 290K, the free exciton emission increases in energy due to the increasing
bandgap and also the maximum energy at which FPM are observable increases likewise in-
creasing the maximum observable FPM mode number from Nmax = 84 at 290K to Nmax = 104
at 20K. Below 100K, FPM are present up to the transitions of donor-bound excitons where the
absorption coefficient strongly increases at low temperatures.
In order to compare these finding to WGM, the same temperature-dependent PL measure-
ments were also carried out for a ZnO microwire with fringed corners and Ri = 1.79µm. They
can be seen in Fig. 6.12 for TE-polarization. The ZnO luminescence follows the same behav-
ior as in Fig. 6.11 but the present cavity signatures differ. As discussed above, the ZnO mi-
crowires with fringed corners exhibit intensity modulations caused by WGMwhich are absent
in PL spectra from microwires with sharp corners. The corresponding WGM numbers for the
1.79µm-thick microwire are given in Fig. 6.12 for T = 290K and range from N = 57 to 62 in
the shown spectral range. In the UV region, another type of resonance is visible that exhibits a
much larger linewidth than WGM and also has a larger mode spacing. Thus, these modes can
either be triangular WGM or FPM. Since triangular WGM in theory exhibit mode linewidths
even smaller than hexagonal WGM (due to less total interal reflections), they can be excluded
here. It is obvious from Fig. 6.12 that FPM are visible up to minimum wavelengths of 383 nm
whereas the highest observable WGM is at 390 nm (at 290K). This striking phenomenon is
present for all temperatures. The minimum WGM wavelength at 20K is 373 nm and can also
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Figure 6.11.: Angular-resolved, TE-polarized PL measurements on a ZnO microwire with
Ri = 3.31µm showing FPM dispersion curves for different temperatures (20K - 290K). The
color-coded PL intensity is logarithmic. Mode numbers N are given for T = 290K.
be observed in Figs. 6.3 and 6.4. In comparison to that, the minimum FPM wavelength is
369 nm.
The disappearance of WGM below a certain wavelength cannot be explained by excitonic ab-
sorption since FPM are present for wavelengths below. A possible explanation for this suppres-
sion at shorter wavelengths can be understood in terms of light-matter interaction. Probably,
WGM strongly interact with ZnO free excitons to form exciton-polaritons (see Sec. 4.5). In this
regard, only the lower polariton branch is visible due to excitonic absorption of the upper po-
lariton branch and WGM are absent in the intermediate regime (between LPB and UPB). This
may also explain the presence of FPM at higher energies since FPM are too lossy to undergo
strong light-matter interaction. An overview of current literature on WGM exciton-polaritons
in ZnO microwires is given in Sec. 7.1 and a more detailed analysis of possible strong coupling
phenomena in the present microwires is discussed in Sec. 7.2.
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Figure 6.12.: Angular-resolved, TE-polarized PL measurements on a ZnO microwire with
Ri = 1.79µm showing WGM dispersion curves for different temperatures (20K - 290K). The
color-coded PL intensity is logarithmic. Mode numbers N are given for T = 290K.
Chapter summary
Regular ZnO microwires were introduced as hexagonal resonators. It was shown, that theo-
retically hexagonal cavities are able to confine light as S6-, S3- or D3-WGM. Thereby, it turned
out that hexagonal and triangular WGM can be distinguished by their different optical path-
lengths and number of reflections, i.e. their spectral mode position, during a closed loop inside
the resonator. This manifests in different mode numbers and mode spacings. In contrast to
that, simultaneously present S3- and D3-WGM can undergo constructive interference already
after half a closed loop of D3-WGM and can only be distinguished by their theoretical mode
pattern, that is experimentaly not accessible.
Experimentaly, one- and two-dimensional cavity modes were separately or coincidently ob-
served in different resonator morphologies: WGM have been observed in a ZnO microwire
with a small diameter of only 2.6µm and a regular cross section whereas FPM can be ob-
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served in microwires with larger diameters and an irregular (elongated) hexagonal cross sec-
tion. Moreover, FPM and WGM can be observed together in a hexagonal microwire with an
intermediate diameter. The one-dimensional FPM and two-dimensional WGMwere identified
by their unique photon signatures regarding mode energy and photonic dispersion. Thereby,
FPM exhibit dispersions in two dimensions whereas WGM only show a dispersion along the
wire axis according to the light propagation in the cross section.
The appearance of FPM in thick wires has been explained by the simultaneous decrease of cav-
ity losses and reflections per time unit when extending the wire diameter. At the same time,
the reason for the absence of WGM in certain microwires can be explained by the shape of the
hexagon corners. WGM usually appear in resonators with fringed corners and are absent in
nearly perfectly shaped resonators due to larger discontinuities in mode propagation and an
enhancement of mode out-coupling in the fringed case. These assumptions were verified by a
comprehensive review of in literature reported microwire shapes and a comparison between
computed mode patterns for hexagonal resonators with and without fringed corners. The non-
observability of WGM in perfect resonators is explained by the decrease of the probability for
a light wave to exit the resonator at the out-coupling sites. The occasional presence of fringed
or sharp corners in different ZnO microwires can thereby be caused by the random growth
method (caborthermal VPT) at ambient air conditions. The corner effect was also investigated
in low-temperature excitation-dependent PL experiments and turned out that WGM are in-
deed present in microwires with sharp corners. They further show much smaller WGM lasing
thresholds in comparison to microwires with fringed corners being facilitated by much higher
cavity mode lifetimes and thus quality factors. They even provide low lasing thresholds at
room temperature.
Finally, the temperature-dependence of both FPM and WGM was investigated and turned out
that FPM are visible up to the energy of free excitons for T > 100K and are visible up to the
energy of the DBX for T < 100K in accordance to the change of the ZnO absorption edge when
excitons thermally escape from donors at T ≈ 100K. In contrast to that, WGM disappear al-
ready at lower energies. The phenomenon is present for all temperatures investigated and is
attributed to possible strong interaction of WGM with excitons resulting in the formation of
lower polariton branches.
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7. The assessment of the strong coupling
regime
This chapter includes a critical analysis of available literature on whispering-gallery mode
exciton-polaritons in ZnOmicrowires. It is comprehensively shown, that certain misinterpreta-
tions of experimental data in previous reports result in erroneous conclusions about the forma-
tion of polaritons. Hence, a guideline is presented that facilitates a profound interpretation of
experimental WGM data (see Sec. 7.1). Subsequently, own excitation-dependent PL measure-
ments on ZnO microwires were performed (see Sec. 6.3) that are evaluated with respect to the
previous experiments.
Several indications for the presence of polariton lasing are presented. However, these results
are preleminary and do not provide enough evidence for the experimental proof of polariton
condensation - especially with respect to the absence of a comprehensive qualitative theoretical
model that is able to describe the observed phenomena.
7.1. The problem of probing the strong coupling regime in an
absorbing medium
ZnO has been proposed to be one of the most promising material systems for the realization
of strong light-matter interaction and polariton condensation at room temperature and above
due to its high exciton binding energy and oscillator strength. A lot of effort has been put into
the design of ZnO-based microcavities containing multi-layered top and bottom Bragg mirrors
in order to achieve high reflectivities and stable polaritons [133]. The successful fabrication
of a ZnO-based polariton laser was reported for temperatures up to 250K [37]. Alternatively,
Kaliteevski et al. theoretically simulated that whispering gallery resonators are also able to
achieve strong light-matter interaction [38] without the need for highly reflecting Bragg mir-
rors. They also showed that whispering gallery polaritons are even favorable among the planar
microcavities since the overlap of WGM and exciton wave function can be close to unity [38].
Nevertheless, ZnO captures light with an energy larger than the ZnO free exciton transition
due to absorption. This fact hinders the observation of an upper polariton branch in case of
strong light-matter interaction [133] likewise hampering the evaluation of possible polariton
formation.
Up to now, only a small number of publications reports the observation of WGM polaritons
[26, 28, 30, 41, 134]. Most of them were published or collaborated by a research group from
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(a) (b)
Figure 7.1.: (a) Diameter-dependent dispersion of WGM along the branch of a tapered ZnO
nanotetrapod for TE polarization. Picture is taken from Ref. [26]. (b) Angle-dependent disper-
sion of S6- and S3-WGM in a ZnO microwire with R = 2.67µm for different currents: 0, 0.15,
0.25 and 0.28mA (from left to right). Calculated bare cavity modes are given as green dotted
lines whereas calculated dispersions of strongly coupled WGM are given as red dashed lines.
Picture is taken from Ref. [41].
Fudan University in Shanghai, China. However, there are serious doubts about their interpre-
tation of signatures for the formation of WGM exciton-polaritons. Most of these doubts arise
from the fact, that in case of strong coupling only lower polariton branches are visible. This
will be elucidated in detail in the next paragraphs in order to evolve a reasonable guideline for
a solid interpretation of WGM exciton-polariton signatures.
The first pretended observation of the dispersion of exciton-polaritons in ZnO wires dates
back to 2008 [26]. Sun et al. performed PL experiments along a tapered ZnO nanotetrapod
showing the dispersion of WGM (see Fig. 7.1a). They claim strong light-matter interaction of
WGM with free excitons due to an anticrossing behavior of the WGM near the excitonic tran-
sitions. This conclusion was drawn in disregard of the spectral behavior of the ZnO index of
refraction that determines the spectral position of WGM in accordance to Eq. 4.11. The same
argument for strong coupling is used in angular-depedent dispersion curves of WGM in ZnO
microwires with constant diameter (see Fig. 7.1b) [28, 30, 41] that show a flattening of the dis-
persion curves with decreasing spectral distance to the ZnO free excitons (similar to what was
observed in Fig. 6.3). This is a clear misinterpretation. The WGM show an anticrossing be-
havior in Fig. 7.1a and a flattening of the dispersion near the excitonic transition rather due to
an increase of the refractive index and not due to the formation of polaritons. Naturally, the
formation of polaritons cannot be excluded in this case but the dispersion alone cannot hold as
proof for their presence. However, scepsis still remains, especially due to the strong decrease of
WGM intensity near the excitonic transition and obvious discrepancies between measurement
and calculation (highlighted by yellow circles in Fig. 7.1a).
Sun’s misinterpretation of the dielectric background is most obvious in a recent publication
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about the temperature-dependent evolution of WGM when heating the ZnO microwires by
applying a current (see Fig. 7.1b) [41]. They show calculated angular dispersions of uncoupled
WGM as green dotted curves. As can be seen in Fig. 7.1b, the minima of the different dispersion
curves are nearly equidistant (indicated by yellow arrows with equal length) and the disper-
sion curves all show the same curvature (indicated by red arrows with equal length). These
calculations can only result from a constant index of refraction as underlying dielectric back-
ground. This is a fatal assessment and unphysical since the refractive index strongly increases
near the excitonic regime (see Fig. 2.2) - even an refractive without any excitonic contributions
strongly increases near the bandgap.
Dai et al. claimed to show WGM exciton-polariton lasing in a ZnO microwire with d = 9.38µm
and gave several indications for that: (i) a decrease of the experimentally derived WGM spac-
ing near the excitonic resonance which is much smaller than the calculated mode spacing and
(ii) a blueshift of the WGM lasing peaks with increasing excitation power [134]. However, both
arguments are based on misacceptions regarding the applicability of Eq. 4.11 and the confocal
microphotoluminescence setup. The calculated mode spacing in Ref. [134] has been derived
based on data for the refractive index from Liu et al. [65]. In Ref. [65], the ZnO index of refrac-
tion is calculated from the WGM energy positions of a ZnO nanoneedle with Ri ≈ 690nm using
Eq. 4.11 and then fitted by the so-called Sellmeier formula. They get relations for nTE and nTM
that read [65]
nTM(λ) = [1+ 2.9535λ2
λ2 − (82.3nm)2 + 0.1660λ2λ2 − (358.6nm)2 + 0.1050λ2λ2 − (1750nm)2 ]1/2 , (7.1)
nTE(λ) = [1+ 2.4885λ2
λ2 − (102.3nm)2 + 0.2150λ2λ2 − (372.6nm)2 + 0.2550λ2λ2 − (1850nm)2 ]1/2 . (7.2)
This procedure is erroneous since Eq. 4.11 is only valid for wire radii much larger than the
incident wavelength, but Eqs. 7.1 and 7.2 were derived from a wire with Ri ≈ λ. Further, the
empirical Sellmeier formula is only applicable in the transparency region similar to the Cauchy
approximation since excitonic contributions to the index of refraction are not included and for
that the Sellmeier formula is not valid close to or within the absorption regime. Despite this
fact, Dai et al. as well as Liu et al. derived and applied Eqs. 7.1 and 7.2 for energies similar
to the bandgap and determined in consequence unphysical values much larger than the true
bulk refractive index derived from spectroscopic ellipsometry (see Fig. 7.2a). Czekalla et al.
followed a different approach. They determined the refractive index from WGM energies of a
sufficiently large ZnO microwire (Ri ≫ λ) using Eq. 4.11 and were able to demonstrate that the
calculated index of refraction exactly matches the bulk values [25].
The final recalculated WGM spacing for a ZnO microwire with d = 9.38µm using Eq. 4.11
and the ZnO bulk index of refraction is shown in Fig. 7.2b together with the experimental data
from Ref. [134]. It is obvious that the calculated mode spacing is much smaller than the exper-
imental. This shows that the present WGM are definitely not in the strong coupling regime -
even the assignment toWGM is questionable: considering the large mode spacing, these cavity
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Figure 7.2.: (a) ZnO index of refraction for TE polarization derived from spectroscopic el-
lispometry in Ref. [45] (red line) and Sellmeier formula in Ref. [65] (black line). (b) Mode spac-
ing of WGM in a ZnO microwire with d = 9.38µm (black squares) taken from Ref. [134] and
calculated (red circles) according to Eq. 4.11. [O15]
modes are rather FPM than WGM.
Besides their erroneous calculation of WGM spacing, Dai et al. also show excitation dependent
PL measurements where WGM undergo a slight blueshift with increasing excitation power.
They attributed this blueshift to polariton-polariton interaction [134]. Regarding their large ex-
citation and detection spot of 50µm and the tapered shape of the investigated ZnO microwire
(the diameter decreases by 200 nm over 50µm causing mode shifts of several meV), this is
an unsubstantiated statement because this blueshift can easily be caused by a variation of the
excitation spot on the microwire. Reliable evidence for the onset of polariton lasing and accom-
panied polariton-polariton scattering can be given in angular-dependent PL measurements of
both LPB and polariton lasing peak (that should blueshift with increasing excitation power)
[135].
A supposed blueshift between WGM dispersion minimum and lasing peak was reported by
Sun et al. and attributed to the formation of a polariton condensate [28]. The respective PL spec-
tra are shown in Fig. 7.3 below and above lasing threshold. However, there are indications that
suggest something else. The lasing in Fig. 7.3 originates from theminimum of theWGMdisper-
sion curve but shows no blueshift which would be a signature for polariton condensation. The
shift of 11meV between the TE polarized spectrum below threshold (left) and the spectra above
threshold (right) which was assigned to the scattering of polaritons in the condensate exactly
matches the difference between TE and TM polarized dispersion curve (as indicated by two
vertical dashed yellow lines) and suggests that the lasing more propably arises from the TM
polarized WGM branch rather than from scattering of exciton-polaritons. In conclusion, the
absence of a blueshift, the energetic distance between TM and TE polarized WGM and even
the energetic position of the lasing peak in Fig. 7.3 indicate the involvement of an electron-hole
plasma as gain mechanisms for stimulated emission as it was observed in Ref. [24]. Although
this is only an indication for a plasma, it is simultaneously the disproof of the polariton effect
in Ref. [39].
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Figure 7.3.: Angular dispersion of WGM in a ZnO microwire with R = 1.45µm excited by a
continuous-wave light source with constant excitation density below lasing threshold (left) and
a pulsed laser source with varying excitation density above lasing threshold (right). Pictures
are taken from Ref. [28].
In general, cavity modes in ZnO microwires indeed feel excitonic effects in the dielectric back-
ground. This is obvious from the mode calculations of dispersion curves for WGM and FPM
(see Sec. 6.1) that could only be resembled by using the bulk ZnO index of refraction with all
excitonic contributions. However, it would be overstated to claim that this is the proof for the
strong coupling regime but in the proper meaning of the fact there is of course an interaction
between excitons and cavity modes. If this interaction is in the strong coupling regime, it can
only be examined by excitation-dependent experiments.
7.2. One-dimensional, multi-level whispering gallery modes
In order to evaluate if possible polariton effects are present in the microwires investigated here,
excitation-dependent, angular-resolved (φz, along the wire axis) PL spectra were recorded and
can be seen in Fig. 7.4 at low temperatures (T = 10K) and in Fig. 7.5 at room temperature for a
ZnO microwire with Ri = 2.22µm with sharp corners (this is the same microwire in both cases
but the lateral recording position is slightly different at room temperature and with that the
inner radius of the wire).
At low temperatures, the spectra acquired at lowest excitation (Pex = 2mW) show a dispersion-
less broad band centered at 369 nm that is of excitonic origin (similar to Fig. 6.9) besides indi-
vidual spots with high intensity around 370 nm. These spots are in the lasing regime and can
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Figure 7.4.: Excitation-dependent, angular-resolved PL spectra of a ZnOmicrowire with sharp
corners and Ri = 2.22µm recorded at T = 10K. The color-coded intensity scale is logarithmic.
Excitation powers are given in the lower left corners.
be assigned to WGM. Further, they emerge around φz = 0, i.e. kz = 0. When increasing the
excitation power, the spots broaden in kz-space to higher (absolute) kz-values. However, most
surprisingly also dispersion-less lines appear that extend over the whole kz-space at the ener-
getic positions of the lasing spots. In addition to that, the spectral position of the lasing peak
with highest intensity changes for different excitation powers: the dominating lasing peak red-
shifts with increasing excitation.
At room temperature, the situation is similar. For low excitations, the ZnO luminescence is
revealed by a broad band centered at 385 nm due to the recombination of free excitons. The free
exciton emission is modulated by several dispersion curves of cavity modes similar to Fig. 6.3.
However, besides the ZnO luminescence additional lasing spots and kz-independent intensity
lines can be observed (just as for low temperatures). The lasing spots occur at wavelengths of
around 392 nm.
In order to evaluate the underlying gain mechanisms for stimulated emission, it is of im-
portance to examine where exactly the lasing emerges energetically. Fig. 7.6a thus shows a
magnified spectral range of the angular-resolved PL spectra from Fig. 7.5 recorded at room
temperature (with 6mW) on a ZnO microwire with Ri = 2.02µm. As can be seen, the lasing
emerges from two spots at ±4○ but clearly not from φz = 0○. This means, the lasing does not
arise from the energetic ground state of the WGM dispersion. The lasing spots are blueshifted
with respect to the energetic minimum of the dispersion curve by about 480µeV. In the case of
a regular photon laser one would expect that the lasing emerges from the energetic minimum
of the dispersion at k = 0 (of the uncoupled cavity mode) [136, 137]. A possible explanation for
the blueshift and the accompanied lasing at kz ≠ 0 can be given in terms of strong interaction
between WGM and ZnO excitons. In this regard, the dispersion-less lines appear due to the
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Figure 7.5.: Excitation-dependent, angular-resolved PL spectra of a ZnOmicrowire with sharp
corners and Ri = 2.02µm recorded at room temperature. The color-coded intensity scale is
logarithmic. Excitation powers are given in the lower left corners.
one-dimensional character of WGM [43, 138] and can be caused by the one-dimensional prop-
agation of a WGM exciton-polariton condensate along the wire axis. The propagation would
then be induced by the laser spot that causes a non-vanishing momentum of the condensate
[139]. Since the laser spot excitation is symmetric (Gaussian), the condensate propagates in
both directions ±z and thus two laser peaks appear (see Fig. 7.7a).
Critically, one could argue that the dispersion-less lines probably emerge due to other rea-
sons: (i) random lasing or (ii) waveguiding. Since random lasing requires coherent feedback
from recurrent scattering events [120] and a scattering mean free path shorter than the inci-
dent wavelength of light [121] it is very unlikely to observe random lasing in ZnO microwires
since no or only few scattering sites are provided inside a single microwire due to their single
crystal quality. Nevertheless, the spectral appearance of the dispersion-less lines is analysed in
Fig. 7.6b that shows angular-resolved PL spectra (Pex = 12mW) together with calculated mode
positions of S6-WGM for TE polarization (yellow arrows). It is obvious that nearly all present
dispersion-less lines appear at the calculated positions ofWGM. This means that they are some-
how directly connected to the WGM and one can conclude that random lasing is definitely not
responsible for the appearance of dispersion-less lines since random laser modes would appear
at arbitrary spectral positions according to their arbitrary closed optical pathways [121].
Waveguiding effects along the optical axis have already been observed in several ZnO nano-
and microstructures [141–143] and should be identificable by a vanishing light wave vector
due to propagation along the wire axis. However, waveguiding can be excluded to be respon-
sible for the emergence of kz-independent lines in the present microwires. The demonstration
is given in Fig. 7.6b where dispersion-less lines are only visible for wavelengths roughly below
375 nm but WGM dispersion curves can even be seen for wavelengths above. In the case of
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Figure 7.6.: (a) Angular-resolved PL spectra of a ZnO microwire with Ri = 2.02µm recorded
at room temperature. (b) Angular-resolved PL spectra of a ZnOmicrowire recorded at T = 10K
and Pex = 10mW. Spectral positions of TE-polarizedWGM are indicated by yellow arrows. The
color-coded PL intensity scale in (a) is linear and logarithmic in (b).
waveguiding, all observable cavity modes should exhibit the same disperison-less behavior.
This is clearly absent in Fig. 7.6b and thus rathers suggests that the apparent mechanism is
somehow limited in wavelength. A possible explanation for this issue can again be given in
terms of strong interaction of WGM and ZnO excitons. Since the coupling strength between
light andmatter adopts finite values, polariton lasing would only occur for WGMwith spectral
distances within the Rabi splitting.
In this sense, the obvious redshift of the main lasing peak with increasing excitation power
(visible in Fig. 7.4 and 7.5) could be explained by the WGM exciton-polariton system itself.
WGM possess multiple spectral levels which means that possible WGM polaritons are able to
relax into lower energetic states when occupation of one in a higher polariton state is reached
[44]. Since the WGM system has no distinct ground state the relaxation process would only be
limited by the coupling strength between cavity modes and excitons as well as the polariton
lifetimes. One could imagine that all WGMwithin the Rabi splitting couple to the exciton in the
case of condensation. Thus, the exciton oscillator strength would split up between the indivual
WGM levels while WGM with larger spectral distance to the exciton in principle experience a
smaller part of the oscillator strength. As a consequence, a smooth transition from strong to
weak coupling should occur. However, this issue cannot be either confirmed or denied by the
presented experiments and has to be subject to future investigations. Time-resolved PL mea-
surements could provide more insight into this process.
When relaxation occurs from an upper level into a lower level, momentum conservation is
no longer preseverved which means that polaritons might also adopt much higher kz values
as shown in Fig. 7.6a. A respective effect can be observed in Fig. 7.8b that shows excitation-
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(a) (b)
(c)
Figure 7.7.: (a) Energy distribution of polaritons in real (right) and momentum (left) space
for different pump powers. Excitation takes place in the wire center. White curves show bare
polariton dispersions in momentum space (left) and the pumping induced effective polariton
potential in real space (right). (b) Same as in (a) but for excitation near the wire end. (c) SEM
image of a microcavity wire (top left) and normalized far field emission of the polariton gas in
the probed region (bottom left) together with energy vs. momentum of the polariton conden-
sates at different excitation powers (right). The solid line shows the polariton dispersion and
the inset the corresponding values of the group velocity. (a,b) are taken from Ref. [139], (c) is
taken from Ref. [140].
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Figure 7.8.: (a) Optical image of a ZnO microwire with Ri = 1.46µm. The pump spot for
excitation-dependent PL spectra is indicated by a red circle. (b) Excitation-dependent, angular-
resolved PL spectra of the ZnO microwire from (a) recorded at T = 10K. Excitation powers are
given in the lower left corners. The color-coded PL intensity scale is logarithmic.
dependent, angular-resolved PL spectra of a ZnO microwire with Ri = 1.46µm recorded near
the edge of the microwire (as shown in Fig. 7.8a) at T = 10K . The lasing first emerges near
kz = 0 at 369 nm for low excitations but then shifts to higher kz values with increasing excitation
by relaxation. This process goes on until a final kz value is adopted at 373 nm and higher wave-
lengths. By even further increasing excitation, the kz value remains fixed and only the WGM
level changes. A similar phenomenon is observed in Ref. [140] where parametric instabilities
induced by polariton interaction near the inflection point of the polariton dispersion lead to a
relaxation into different energy states (see Fig. 7.7c). This scenario is also conceivable here with
the difference that polaritons relax into lower WGM levels instead of relaxing into coexisiting
states [140].
It is obvious from Fig. 7.8 that the relaxation only occurs at the right side of the angular-resolved
spectrum (to positive kz values), i.e. is asymmetric. This is surprising since normally relaxation
should be symmetric with respect to kz = 0. Asymmetric relaxation can occur when pump spot
and probing region do not coincide leading to the selected detection of condensates propagat-
ing in only one direction [43, 140]. This can be excluded here since pump spot and probing
region should overlap. The lateral vicinity to the end of the microwire in Fig. 7.8a rather sug-
gests that the phenomenon is more likely connected to the presence of the wire end. This is
confirmed when recording the same spectrum at the other end of the microwire as illustrated
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Figure 7.9.: (a,d) Angular-resolved PL spectra of ZnO microwires shown in (b,c) recorded at
T = 10K and an excitation power of 1mW. The inner radii are 1.46µm in (a,b) and 1.37µm in
(c,d). The color-coded PL intensity scale in (a,d) is logarithmic.
in Fig. 7.9 where the relaxation occurs into the opposite direction to Fig. 7.8, i.e. to negative kz
values.
The asymmetric relaxations in Fig. 7.8 and 7.9 tend away from themicrowire ends whichmeans
that the preferential propagation direction points towards the wire center. It is difficult to find a
suitable explanation for that behavior. A probable answer is given in Refs. [140, 144] where the
influence of photonic disorder on the propagation of one-dimensional condensates is investi-
gated. Photonic disorder can lead to strong backscattering of the condensate towards the laser
pump spot. Here, photonic disorder might be induced by a small variation of the wire diame-
ter. It is conceivable, that the microwire shows a tapering at its ends (strong local variations of
the microwire diameter on short lengths scales have already been shown in Sec. 6.1). Further,
strain effects can induce excitonic disorder and lead to a variation of the exciton (as shown in
Sec. 9.2) and thus polariton energy near the ends since the microwire ends in most cases do not
represent the natural ends that form during growth but rather due to fracture of the wire.
Usually, the wire ends should tend to behave like a potential barrier for the condensate [43].
Polariton condensates should form standing condensate waves between the pump spot and the
wire end which can be evidenced by equidistant maxima in reciprocal and real space [43, 139]
as illustrated in Fig. 7.7b. However, all these issues could not be confirmed or denied within
this thesis and have to be subject to further experiments. In general, the spectra shown in this
section all only provide strong indications for the possible presence of an polariton condensate
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but cannot verify this. An unambiguous experimental evidence can only be given by simul-
taneous recording of real and reciprocal space as well as double slit experiments that should
show spatial coherence in case of polariton condensation [43].
Chapter summary
In conclusion, strong interaction between whispering gallery modes and excitons in ZnO mi-
crowires is discussed. It is comprehensively shown, that several mistakes have been made so
far in publications concerning the interpretation of possible polariton effects. These mistakes
arise from the fact that ZnO is a strongly light absorbing medium in the excitonic regime like-
wise hindering the observation of upper polariton branches and thus complicating the analy-
sis of cavity mode dispersion curves. In this regard, neither diameter-dependent or angular-
dependent dispersion curves are able to sufficiently prove the formation of polaritons.
If anything, only excitation-dependent luminescence measurements are able to deliver reliable
statements on the formation of polaritons. These were carried out angular-resolved for ZnO
microwires at low temperatures and room temperature and showed the emergence of lasing.
Therein, an exemplary blueshift of 480µeV was observed between lasing emission and cavity
dispersion minimum that can tentatively be assigned to polariton interactions in the conden-
sate regime. In principle, this blueshift can be different for different WGM levels and different
excitation densities. In the sense of condensation, the small blueshift value can be explained by
the high crystal quality of the microwires causing the excitonic reservoir to play a minor role
in the condensation process. This would be in agreement to planar ZnO-based microcavities
where large blueshifts of several meV were observed and dedicated to strong photonic disor-
der [37].
Further, indications for possible polariton condensation were presented by the simultaneous
observation of dispersion-less lines that can be attributed to the signature of a propagating
one-dimensional condensate and by the relaxation of the prominent lasing peaks into lower
energy states by simultaneous increase of the wave vector. However, the final proof for the
condensation of WGM exciton-polaritons has to be given in future experiments.
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Part III.
The irregular and inhomogeneous
WGM resonator
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8. Introduction into irregular and
inhomogeneous resonators
The term ‘irregular’ or ‘inhomogeneous’ describes a resonator whose morphological or dielec-
tric properties, respectively, deviate from those of a regular hexagon. In particular, changes of
the hexagonal resonator shape to an elongated or a deformed hexagon as well as a variation of
the refractive index will be discussed in the following.
Ri
Ra(1+ )δ
(a) (b)
(c)R */2a(1+ )δ
Ri(1+ *)δ
x
y
Figure 8.1.: (a) Elongated hexagon with one-dimensional elongation δ in y-direction (δ = 0.5).
(b) Irregular hexagon with two-dimensional elongation δ∗ in x- and y-direction (δ∗ = 0.5).
Hereby, the two-dimensional elongation is equal to a negative one-dimensional elongation
(contraction), δ∗ = −2δ. (c) Optical pathway of hexagonal WGM in a slightly contracted
hexagon. The WGM contain loops with the shape of an elongated hexagon and so on.
Elongation
The elongated hexagon is defined as a hexagonal resonator that exhibits differing spatial ex-
tensions in x- and y-direction. This leads to a deviation from the regular hexagon. A main
requirement in this case is the coincident conservation of the regular internal angles between
neighboring facets (120○). The spatial extension can be either along one or two axes. Fig.8.1
shows the one-dimensional case along the y-direction in (a) and a two-dimensional elongation
along x- and y-direction in (b). In both cases, the elongation is introduced by the parameters
δ and δ∗ for the one- and two-dimensional case, respectively. Note, that the elongations in x-
and y-direction are not independent from each other due to the angle conservation: the two-
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Figure 8.2.: Normalized, TE-polarized mode patterns ∣E⃗2∣ of hexagonal WGMwith azimuthal
mode numbers N = 5 − 10 for different one-dimensional elongations δ. The white lines mark
the resonator edge. Color bar represents a logarithmic scale over two decades. The refractive
index was chosen to be n = 2.5 for all mode patterns.
dimensional elongation is equal to a one-dimensional contraction. Thus, the quantities δ and
δ∗ are connected to each other via δ∗ = −2δ.
In the fashion of the regular hexagon, also elongated hexagons provide closed optical loops
for triangular and hexagonal WGM. In addition to the S3 and D3 WGM (red and green lines
in Fig.8.1a,b), another triangular pathway can be found (triangular in this case means θi = 30○)
that undergoes eight reflections in the case of an elongated hexagon (blue line in Fig.8.1a) but
only undergoes four reflections for the contracted one (blue line in Fig.8.1b). Besides the trian-
gular WGM, also hexagonal loops can be found in the elongated and the contracted hexagon.
A special circumstance leads to the fact that the closed hexagonal loop in an elongated hexagon
is just a contracted hexagon and vice versa. This is illustrated in Fig.8.1c where a contracted
hexagon with δ = −0.03 has a hexagonally elongated loop with δ = 0.06. The elongated loop in
turn contains a contracted loop and so on.
TE-polarized mode patterns of hexagonal WGM in a regular hexagon and irregular hexagons
with both positive and negative elongations δ can be found in Fig.8.2 for azimuthal mode num-
bers N = 5 − 10. The mode patterns confirm the considerations from above. For larger mode
numbers, e.g. N = 10, it is clearly obvious that the elongated hexagons exhibit contracted loops
and the contracted hexagons exhibit elongated loops. However, the effect of elongation is more
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drastic for the smaller mode numbers, e.g. N = 5. Here, a positive elongation naturally leads to
a widening of the pattern but also results in a strong narrowing for negative elongations. Even
a special situation is created where indivual wave nods or antinods overlap and begin to form
a kind of ’intensity band’, see e.g. Fig.8.2 for N = 5 and δ = −0.4. As a consequence, the direc-
tionality of the WGM changes. For the contracted hexagon, the WGM preferentially couple out
through the upper and lower facets whereas the WGM in an elongated hexagon rather exit the
resonator at the side corners.
Strain
Another irregular resonator can be created when a hexagonal single-axis waveguide is bent
along its optical axis. The bending induces an uniaxial stress that affects the corner positions
of the undisturbed hexagon. The distorsions of the neutral positions are then connected to the
occuring strain ǫ. The resulting shape of the resonator cross section is determined by the strain
field that arises due to the applied stress.
In the case of an uniaxial stress, the strain field is built up from the neutral fiber inside the
regular hexagon. It is the point in the cross section where no forces act due to stress. The stress
is taken to be constant in y-direction and to increase linearly in x-direction. That gives integrals
for the construction of the deformed hexagon that are linear in y and quadratic in x. The
resulting strain field can be seen in Fig.8.3a together with the corresponding strained hexagonal
resonator in Fig.8.3b. Compared to the regular hexagon (grey area in Fig.8.3b), the strained
hexagon exhibits inner angles α, β,γ and ζ that deviate from the regular angle φ0 = 2π/3. These
angles are given by [O20]
α = φ0 − χ1ǫ, (8.1)
β = φ0 + χ2ǫ, (8.2)
γ = φ0 − χ2ǫ, (8.3)
ζ = φ0 + χ1ǫ (8.4)
with χ1 = 3(2−√3)8 and χ2 = 3(10−√3)16. The top and bottom facets are thereby tilted by an
angle of 3ǫ/2 to the regular top and bottom facets.
Although the strained hexagon shows a strong reduction in symmetry compared to the regu-
lar hexagon, still optical pathways can be found that provide a closed loop. This is the case for
the triangular S3- and D3-WGM, their pathways can be seen in Fig.8.3c as red and blue lines
for S3- and D3-WGM, respectively. However, hexagonal WGM do not possess a closed optical
path in a strained hexagon. Under this circumstance, it is suprising that these cavity modes can
still be observed for strain values up to ǫ = 0.25 as depicted in Fig.8.4 that shows mode patterns
of hexagonal WGM with azimuthal mode numbers N = 5 − 10 for different strain values. This
suggests that cavity modes with high quality factors (in the regular case) can still be present in
resonators that only provide an approximation of a closed optical pathway and supports the
81
αβ
β
γ
γ
ζx
y
(b) (c)(a)
2Ra
Figure 8.3.: (a) Strain field that determines the construction of the strained hexagon. The
color bar represents a linear strain intensity scale, red (blue) represents compressive (tensile)
strain. The solid black line highlights the edge of the regular hexagon. (b) The strained hexagon
with inner angles α, β, γ and ζ. The diameter d of the strained hexagon is two times the outer
radius of the regular hexagon (yellow area), d = 2Ra. (c) Optical pathways of S3- (red line) and
D3-WGM (green line) in a strained hexagon.
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Figure 8.4.: Normalized, TE-polarized mode patterns ∣E⃗2∣ of hexagonal WGMwith azimuthal
mode numbers N = 5, 6, 9, 10 for different strain values ǫ. The white lines mark the resonator
edge. Color bar represents a logarithmic scale over two decades. The refractive index was
chosen to be n = 2.5 for all mode patterns.
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assumption that only a very few roundtrips are necessary to establish a stable mode pattern.
Heterostructures
Independent from a change of the resonator shape as discussed above, also a variation of the
dielectric and electronic landscape inside the resonator leads to a deviation from the regular
hexagon. The variation can be induced by the incorporation of heterointerfaces between mate-
rials that possess different electronic and dielectric properties. For this purpose, the resonators
were coated in radial direction with materials having a different electronic bandgap as well as a
different index of refraction. These heterostructures are called core/shell structures where the
base resonator material serves as core and the outer material then becomes the shell layer. This
procedure even allows the fabrication of double heterostructures (DHS) that consist of a mate-
rial with a certain bandgap that is surrounded on both sides with a material having a larger or
smaller bandgap (see Fig.8.5a for the coated resonator).
In the case of a DHS with a lower bandgap in the center and a higher bandgap beyond (the
outer materials are so-called barriers), carriers are trapped effectively inside the center since
the barriers act as potential well (scheme is shown in Fig.8.5b). If the potential difference be-
tween center and barriers is high enough and the width of the center material is small enough,
quantum confinement occurs. The double heterostructure is then called a quantum well (QW)
and the center is called active region. The quantum confinement leads to a quantization of the
electronic states and energies along the direction of the stacking sequence (e.g. x-direction).
The determination of the eigenstates ψ(x) and eigenenergies Ex of the one-dimensional con-
fined system requires the solving of the Schrödinger equation. In the case of a symmetric po-
tential landscape around the active region, the one-dimensional Schrödinger equations inside
and outside the active region reads
Exψ(x) = − h¯22mbarr ∂2ψ(x)∂x2 +Vψ(x) for (x ≤ −x0), (8.5)
Exψ(x) = − h¯22mQW ∂2ψ(x)∂x2 for (−x0 ≤ x ≤ x0), (8.6)
Exψ(x) = − h¯22mbarr ∂2ψ(x)∂x2 +Vψ(x) for (x ≥ x0) (8.7)
and has solutions
ψ(x) ∝ exp(−κx) for (x ≤ −x0), (8.8)
ψ(x) ∝ cos(kx) for (−x0 ≤ x ≤ x0), (8.9)
ψ(x) ∝ exp(−κx) for (x ≥ x0) (8.10)
with x0 = L/2, h¯κ =√2mbarr(V − Ex) and h¯k =√2mQWEx. L is the width of the QW, mbarr(mQW)
is the effective mass of carriers in the barrier (QW) and V is the energetic depth of the QW. V
depends on the position of the lowest conduction and highest valence band of barrier and QW.
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Figure 8.5.: (a) The heterostructured hexagon that consists of a regular resonator surrounded
by a three layer stack of materials having different electronic and dielectric properties. (b) The
electronic potential landscape along the x-axis of the heterostructured hexagon. (c-f) Optical
pathways of S6- (blue lines), S3- (red lines) and D3-WGM (green lines) in a heterostructured
hexagon. The thickness of the shell layer Lshell was set to 1/9 of the core radius Ra. The refrac-
tive index of the core resonator was chosen to n = 2.5, the index of the shell layer was changed
between (c) 2.0, (d) 2.3, (e) 2.7 and (f) 3.0. (g-j) Optical pathways of S6- (blue lines), S3- (red
lines) and D3-WGM (green lines) in a heterostructured hexagon with nshell = 2.3 and ncore = 2.5.
The ratio Lshell/Ra was changed to (g) 2/8, (h) 3/7, (i) 5/5 and (j) 6/4.
Thus, V is not a unique quantity and has to be evaluated for every QW heterostructure.
The overlap of the electron and hole wave functions that are trapped inside the QW can be
extremely high due to the spatial confinement. Their exciton binding energy can thereby ex-
ceed bulk values. The value of the exciton binding energy is of great importance in the case
of possible strong coupling between excitons and cavity modes since the binding energy is a
measure of their stability (this will be elaborated in more detail below).
Besides the variation of the electronic potential landscape, the introduction of heterostructures
also causes a change of the dielectric landscape. However, the effect of changing the refractive
index in the entire resonator has thoroughly been studied in Ref.[18] and turned out that the
changes are very small and only have little effect on the propagation of electromagnetic waves
in a resonator. The refractive index more affects the extension of an individual mode and its
propagation length into the surrounding but it does not affect the shape of the mode pattern.
This is illustrated in Fig.8.6 which shows a hexagonal WGM with azimuthal mode number
N = 7. The refractive index of the whole resonator was changed from n = 1.9 − 2.9. It can be
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Figure 8.6.: Normalized, TE-polarized mode patterns ∣E⃗2∣ of a hexagonal WGM with az-
imuthal mode number N = 7 for different refractive indexes n (white numbers upper left) in a
regular hexagon. The white lines mark the resonator edge. Color bar represents a logarithmic
scale over two decades.
seen that the mode patterns all exhibit the same structure, only their spatial extension outside
the resonator decreases with increasing index. This means, the optical confinement and thus
the resonator itself become better for higher refractive indices.
The situation is different for heterostructures containing materials with different refractive
indices since the heterointerface gives rise to an additional refraction inside the resonator (in
contrast to the ZnO/air interface as discussed above). The effects of different shell materials
(with different dielectric properties) and of different shell thicknesses Lshell are illustrated in
Fig.8.5. In Fig.8.5c-f, the refractive index of the shell layer nshell was changed between 2.0 and
3.0 while the core index was set to ncore = 2.5. The length ratio between shell thickness and
core radius was chosen to Lshell/Ra = 1/9. For nshell > ncore, the WGM are refracted towards the
normal of the heterointerface. This effectively shortens the optical pathway of all WGM inside
the shell. For nshell slightly smaller than ncore, the situation is vice versa. The light is refracted
towards the interface plane and the optical pathway inside the shell lenghtens. However, for
nshell ≤
√
3ncore/2 the hexagonal WGM undergo total internal reflection at the heterointerface
and do not penetrate the shell (see Fig.8.5c). The same situation is reached for the triangular
modes not until nshell ≤ ncore/2.
The change of optical WGM pathways in dependence of the shell thickness Lshell is schemat-
ically drawn in Fig.8.5g-j. Lshell was varied between Ra/4 and 3Ra/2. For Lshell/Ra < 1/3 (see
e.g. Fig.8.5g), all WGM are refracted at the heterointerface whereas as for Lshell/Ra ≥ 1/3 (see
Fig.8.5h-j) hexagonal WGM are able to travel completely through the surrounding. This is also
the case for S3-WGM at Lshell/Ra ≥ 1 (Fig.8.5i,j) and D3-WGM at Lshell/Ra > 1 (Fig.8.5j).
The above described situation in resonator heterostructures can be utilized to investigate op-
tical quantum phenomena such as the strong coupling regime of confined light modes and
bosonic quasiparticles (see section 4.5), i.e. QW excitons. The main demand for the formation
of exciton polaritons is a high spatial overlap of light and matter. In this regard, the resonator
heterostructures presented here are advantageous in many ways since they provide the possi-
bility to tune the exciton binding energy, the radial QW position, the WGM pathway and its
length.
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9. Irregular resonators: Elongation and
deformation
This chapter on the one hand contains an angular-resolved PL measurement of an elongated
part along a ZnO microwire with respect to the change of cavity mode directionality (see
Sec. 9.1) and on the other hand comprises low-temperature, spatially-resolved PL investiga-
tions on mechanically bent ZnO microwires. Linescans perpendicular to the wire axis turned
out that strain is symmetrically distributed with respect to the neutral fiber (see Sec. 9.2). This
fact allows a precise determination of the ZnO deformation potential ∂EA/∂εc (see Sec. 9.3).
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Figure 9.1.: Angular resolved, TE polarized PL scan along φy on a ZnO microwire with d =
16.6µm. The right picture shows a magnified section of the left PL scan. The white (black) lines
give the energetic positions of triangular (hexagonal) WGM according to Eq. 9.2 (Eq. 9.1), the
white numbers are the corresponding mode numbers NS3.
9.1. Mode directionality in elongated resonators
Angular-resolved PL spectra were already discussed in Sec. 6.1 and showed strong FPM sig-
natures. However, since the optical pathways of WGM in elongated resonators are different,
the directionality of the cavity modes may be changed. In this sense, WGM are probably able
to exit the resonator although corners are ‘perfect’. An angular-resolved PL scan from the ZnO
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Figure 9.2.: Far-field mode pattern of triangular WGM in an elongated hexagon with δ = 0.5.
The white area marks the resonator. The intensity scale is logarithmic and spans over two
decades.
microwire visible in Fig. 6.1b shall be recalled for this purpose. Fig. 9.1 again shows the respec-
tive angluar PL scan along φy (TE-polarized) but in a magnified view for angles φy = 45○... 60○.
Besides the dispersion-related mode shift of FPM, another modulation is also visible that does
not shift with increasing emission angle and is only visible for φy > 45○. These modulations can
be assigned to WGM due to their dispersion-less behavior.
In order to determine the morphology of these modes, simple plane wave calculations were
carried out assuming either hexagonal or triangular shape. In the hexagonal case, the optical
pathway would be LS6 = 2Ri(3+ 2δ) and S6-WGM occur at energies
ES6 =
hc
nLS6
[NS6 + 6
π
arcsin(κ√3n2 − 4)] . (9.1)
The mode energies ES6 are drawn as black lines in Fig. 9.1 by using δ = 0.379 and Ri = 5.288µm
(as determined above). It can clearly be seen, that hexagonal WGM cannot reproduce the spec-
tral modulations present in the spectra. Subsequently, triangular modes have been calculated
with path length LS3 =
√
3Ri(3+ 2δ) and energies
ES3 =
hc
nLS3
⎡⎢⎢⎢⎢⎣NS3 + 3π arcsin
⎛⎝κ
√
n2 − 4
3
⎞⎠
⎤⎥⎥⎥⎥⎦ . (9.2)
In contrast to S6-WGM, the triangular modes nicely resemble the maxima in Fig. 9.1 while
having mode numbers NS3 = 192 − 208 in the shown spectral range. This on the one hand
demonstrates that WGM are indeed able to exit the elongated resonator although its corners
are sharp. On the other hand, it shows that the out-coupled WGM have rather triangular than
hexagonal mode morphology. This was again checked by FDTD simluations. Fig. 9.2 shows
88
500µm
Figure 9.3.: Image of a mechanically bent ZnO microwire. The wire diameter is d = 8.51µm.
[O12]
the far field pattern of S3-WGM in an elongated hexagon. The pattern clearly exhibits an in-
tensity enhancement of the S3-WGM at emission angles 45○ − 60○ (note the logarithmic scale)
in agreement to the PL spectra.
Hence, the results provide a significant contribution towards the development of highly direc-
tional polygonal microlasers.
9.2. Strain distribution in deformed resonators
The rising complexity of modern devices is based on the usage of semiconductor heterostruc-
tures that underlie various strain effects due to lattice mismatch. In this regard, strain engi-
neering has become a very important field of research in device design. Especially, advanced
transistors benefit from an enhanced mobility in strained silicon [145]. Even carbon nanotubes
are known to react very sensitively to deformations and show different electrical and magnetic
properties under strain [146].
ZnO has been shown to be a perfect material for the fabrication of strain generators [147] and
piezoelectric sensors [148] due to its remarkable optomechanical and piezoelectronic proper-
ties. However, a quantitative analysis of strain effects in ZnO suffers from the large uncertain-
ties that are obvious from the different reported values for the ZnO deformation potentials (see
Tab. 3.1).
ZnOmicrowires possess very large aspect ratios as discussed in Sec. 2.3. Hence, they can easily
be bent along their wire axis and thus provide tensile strain at their outer facet and compressive
strain at their inner facet, respectively. For this purpose, ZnO microwires were transferred to
glass substrates where they easily stick to the surface due to adhesion forces between substrate
and wire. Subsequently, microwires were mechanically bent by moving one end of the wire to
its other end with a tweezer. A bent ZnO microwire can exemplarily be seen in Fig. 9.3. The
wire has a diameter of d = 8.51µm.
In order to investigate the influence of the applied stress on the optoelectronic properties of
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Figure 9.4.: (a) Low-temperature (T = 15K) PL linescans of a ZnO microwire with d = 8.51µm
(a) before and (b) after bending, respectively. The center of the wire (neutral fiber) is set as
zero for the position axis. The most prominent recombination peaks (indicated by vertical
dotted lines) as well as appearing WGM are labeled for the unbent microwire. The edges of the
microwire are highlighted by solid horizontal lines. [O12]
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the microwires, low-temperature (T = 15K) PL linescans across the microwire (perpendicular
to the wire axis) were recorded before and after bending. The step width between individual
spectra was chosen to be 500 nm in order to avoid effects due to exciton diffusion. Excitons
typically have diffusion lengths of 300 nm at T = 4K [93] and thus limit the lateral resolution of
a linescan. The linescans can be seen in Fig. 9.4 for the microwire of Fig. 9.3 with d = 8.51µm.
The experiment was carried out at low temperatures since the expected shifts of the energy
bands are in the range of several meV and can only be detected for transitions with compara-
ble linewidths as they are only provided at low temperatures. The upper linescan shows the
microwire before bending whereas the lower linescan shows it after bending. The facet edges
are indicated by horizontal white lines in both cases.
The luminescence of the unstrained microwire shows prominent transitions of neutral and
ionized aluminum-bound excitons (Al0,X) and (Al+,X) at energies of 3.3580 eV (I6 line) and
3.3691 eV (I0 line), respectively, as well as longitudinal (transversal) free excitons at 3.3718 eV
(3.3738 eV) indicated by vertical dotted lines. Below 3.35 eV, the spectrum is modulated by cav-
ity modes. These modes are hexagonal WGM as can be calculated from Eq. 9.1 using the ZnO
index of refraction according to Fig. 2.2. All the apparent exciton transitions as well as cavity
modes do not shift along the cross section for the unstrained microwire.
The spectral line scan across the same ZnO microwire after bending at the same local position
can be seen in Fig. 9.4 below. At the upper white line (that marks the edge of the microwire),
the three dominant recombination peaks are considerably redshifted whereas the main peaks
are blueshifted at the lower white line. These shifts are due to tensile and compressive strain,
respectively. When crossing the microwire from edge to edge the (Al0,X) peak position shifts
from 3.3493 eV to 3.3668 eV. Considering the (Al0,X) energy of 3.3580 eV in the unstrained case,
the blueshift is 8.8meV and the redshift is 8.7meV for compressive and tensile strain, respec-
tively. Further, the luminescence of the deformed microwire is located at 3.358 eV in the center
of the microwire being exactly the unstrained (Al0,X) energy. This indicates that the central axis
represents the neutral fiber. Accordingly, the distribution of compressive and tensile strain is
symmetric inside the wires.
In accordance with the (Al0,X) transition, also the transversal free A-exciton transition shifts
from 3.3648 eV to 3.3825 eV and thus shows 9.0meV redshift and 8.7meV blueshift due to ten-
sile and compressive strain, respectively. This indicates that the localization energy Q of donor-
bound excitons can be assumed to be nearly strain-independent.
By comparing the linescans from both strained and unstrained microwire, it is evident that the
linewidth of the near-band edge emission is drastically increased for the strained microwire.
This can be related to an insufficient spatial resolution during the linescan since individual
spectra sum over finite intervals of strain and curvature. However, as the fine structure of the
luminescence is well resolved at the outer edges the maximum energetic shifts can be precisely
determined.
Moreover, it is obvious from Fig. 9.4 that WGM are still present in the strained ZnO microwire.
This is surprising since a deformed hexagonal cross section as it is apparent in this case does not
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Figure 9.5.: Low-temperature transition energy of aluminium-bound excitons in a bent ZnO
microwire derived from PL measurements. The energy scale is color-coded where green (red)
represents minimum (maximum) transition energy. The wire surrounding is marked by black
color. The white squares show magnified sections of the wire.
provide any closed loop for hexagonal WGM, only for triangular WGM. This further indicates
that hexagonal WGM only require a few round trips that do not necessarily need to be exactly
hexagonal in order to achieve constructive interference. This circumstance is also supported
by the FDTD simulations at the beginning of part III. However, these conclusions may only
be valid for small distortions as they were applied here. In addition to that, the linewidth of
WGM is larger for the strained microwire compared to the unstrained likewise supporting the
above mentioned assumptions since the spectral broadening can be caused by non-perfectly
interfering light waves inside the deformed hexagon.
In order to examine the spectral shift of luminescence along a microwire, two-dimensional PL
scans of bent ZnOmicrowires were performed at low temperatures. The corresponding (Al0,X)
transition can be seen in Fig. 9.5 color-coded with minimum (maximum) transition energies in
green (red) color. The wire surrounding is marked by black color. As can be seen, the overall
color change, i.e. the overall energy shift due to strain, drastically changes along the microwire
due to a strong dependence on the wire curvature. The strain induced shift is much larger for
a strongly curved section of the wire than for a more flattened section. A quantitative relation
between the wire curvature, the applied strain and the strain shift of the luminescence requires
an exact determination of the wire diameter d and the radius of curvature RC. The procedure
and its results are presented in the next section.
9.3. Deformation potential
First of all, the shape of the microwires under bending was examined in order to classify the
kind of strain that is induced into the wires. Only microwires that show a constant diameter
(±1%) over several hundreds of µm (much larger than the laser spot) were selected. Further,
SEM pictures of the wires were recorded in order to elaborate their posture on the substrate.
These turned out that their top facet was nearly parallel to the surface of the glass substrate
(considering the bending-induced change of the microwire shape). This proves the absence
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Figure 9.6.: Conversion of two-dimensional position of a ZnO microwire into a dataset x(y)
(black) and corresponding calculated radius of curvature RC (red line).
of any tilt or twist. Further, shear strains can be calculated to be in the range of c0/RC. Since
RC ≫ c0, shear strains can be neglected. According to these facts, it is justified to assume an
uniaxial stress along the wire c-axis.
The strain value εc along the ZnO microwires can then be determined via
εc = ±
d
2RC
(9.3)
Here, the ’+’ (’-’) accounts for tensile (compressive) strain. The wire diameters can be deter-
mined from SEM pictures within 10 nm accuracy. A precise determination of the radius of
curvature requires a conversion of the microwire position on the substrate into a representa-
tion of form x(y) which can be seen in Fig. 9.6 as black line. The microwire position is then
parameterized by fitting it with a polynomial function that allows the determination of RC at
position y0 via
RC(y0) = ∣(1+ x′(y0)2)3/2x′′(y0) ∣ . (9.4)
The calculated radius of curvature RC along the microwire can be seen in Fig. 9.6 as red line.
The minimum RC that was achieved is 400µm. This procedure allows a determination of RC
within 5µm accuracy.
By calculating the applied strain from Eq. 9.3 and Eq. 9.4 one can deduce a direct relation
between the strain-dependent shift of the excitonic transitions from PL linescans and the strain
itself - the deformation potential ∂EA/∂εc. The strain shift ∆EA versus strain is depicted in
Fig. 9.7 (blue circles). The data points were collected from several individual linescans on six
bent ZnO microwires with different d and RC. It is obvious that the shift linearly changes with
the applied strain proving the absence of any deformations due to a non-linear stress regime.
Note that the error bars of the data points are within the circles. The straight dependence of
∆EA allows a precise determination of the deformation potential in unprecedented accuracy. A
linear least-squares fit to the data yields
∂EA/∂εc = (−2.04± 0.02) eV. (9.5)
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Figure 9.7.: Spectral shift ∆E of ZnO free A-exciton transition XA versus strain ε (blue cir-
cles). The solid line represents a linear least-squares fit to the experimental data from six ZnO
microwires with a slope of ∂EA/∂εc = (−2.04 ± 0.02) eV. Error bars are smaller than the symbol
size. Values from Rowe et al. (Ref.[88]) recalculated for EA(εc) according to Eq. 9.6 and elastic
constants from Bateman (Ref.[81]) are given for comparison as red circles. [O12]
Data points that were derived from uniaxial stress experiments (done by Rowe et al. [88]) by
applying an external homogeneous stress are given for comparison in Fig. 9.7 using the elastic
constants from Bateman in Ref.[81] and the formula
εc =
C11 +C12(C11 +C12)C33 − 2C213σc = S33σc. (9.6)
Bateman reported S33 = 6.94× 10−13 cm2/dyn. However, stress is limited to compressive defor-
mation in these experiments. Tensile stress is not accessible since pulling forces cannot be ac-
complished. Tensile εc is only reported in strained epitaxial layers, but the strain values therein
are limited to a few tenths of a percent [149]. The strain values achieved in ZnO microwires
considerably exceed the values reported by Rowe et al.. They further found a nonlinear relation
between energetic shift and applied stress for stress values above 8× 109 dyn/cm2 (= 0.8GPa).
In comparison with the microwire data, the observed nonlinearity is probably not due to a
nonlinearity of the strain regime, but rather due to a nonlinearity of the stress-strain relation.
Note that from pressure experiments as carried by Rowe et al., only ∂EA/∂σc can be extracted,
whereas the microwire measurements provide the direct determination of ∂EA/∂εc.
Since nanostructures gained immense attention in recent years in the research fields of mate-
rial science and physics it would be interesting to transfer the microwire experiment to the
nanoscale. As outlined in Sec. 3.3, Desai and Haque [90] found that the fracture strain can be
increased to 15% for nanowires. This allows the application of very large stresses to nanoscale
wires. As a consequence, the lateral expansion of the tensile strained part of the bent nanowire
would be much larger than the compressive strained part due to arising repulsion forces be-
tween individual atoms. Further, theoretical calculations predict a phase transition in ZnO
from a direct to an indirect band gap when applying very high compressive stresses [150].
However, these effects have not been observed or seeked in this thesis but may attract atten-
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tion in future work.
Chapter summary
It was shown that perfectly shaped, elongated microwires can cause a change of the direction-
ality of WGM leading to an efficient out-coupling of distinct cavity modes along the direction
of elongation. Mode energy calculations and computed mode patterns indicate that these di-
rectional modes are S3-WGM.
In additon to that, ZnO microwires were mechanically bent and investigated regarding the
strain-induced change of the ZnO energy bands. Bending causes a tensile stress at the outer
part and compressive stress at the inner part of the wire. Low-temperature, one-dimensional
photoluminescence linescans turned out that the near bandgap emission shifts to lower en-
ergies due to tensile strain and to higher energies due to compressive strain. In both cases,
the shift is linear and symmetric with respect to the wire central axis. The measurement
of the overall energetic shift for tensile and compressive strain allowed the determination
of the deformation potential ∂EA/∂εc which is the slope of the shift versus strain. Several
linescans on several microwires with various strain figures yielded a very precise value of
∂EA/∂εc = (−2.04± 0.02) eV. A maximum energetic shift of ∆EA = 30meV was therein observed
for a maximum strain value of εc = 0.015. Besides the change of the semiconductor energy
bands, the microwires even exhibited signatures of cavity modes that are unaffected by the
strain. These modes were assigned to hexagonal WGM and evidenced the integral property of
cavity modes that likewise pass tensile and compressive part of the microwire. However, in
comparison to WGM in the corresponding unstrained microwire, the WGM in the deformed
resonator showed a larger spectral width which is most probably caused by the loss of the
closed optical pathway as evidenced by mode simulations.
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10. Inhomogeneous resonators:
Heterostructures
In this chapter, (Mg,Zn)O/ZnO and (Mg,Zn)O/(Zn,Cd)O heterostructures that were deposited
radially on ZnO micro- and nanowires are investigated regarding their morphological and lu-
minescence properties. Thereby, quantum confinement was experimentally evidenced by anal-
ysis of the time-resolved luminescence transients (see Sec. 10.1.1). (Mg,Zn)O/ZnO microwire
heterostructures were exemplarily used to examine the homogeneity of the deposited layers
(see Sec. 10.1.2). The QW luminescence of the (Mg,Zn)O/ZnO microwire heterostructures is
tuned by changing QW thickness and barrier composition.
All fabricated heterostructures exhibit WGM signatures making them perfect candidates for
light emitting devices. On the pathway towards possible light-matter interaction, the prob-
lem of strong light absorption by the ZnO core has to be overcome - strategies to do so are
presented in Sec. 10.2.1 by increasing the shell thickness and in 10.2.2 by changing the active
material from ZnO to (Zn,Cd)O. Further, the found results were transferred to the nanowire
regime by fabricating nanowire QW heterostructures (see Sec. 10.3) that even combine both
strategies and exhibit indications for the presence of strong light-matter interaction between
QW excitons and WGM.
10.1. Microwire quantum well heterostructures
10.1.1. Quantum confinement in (Mg,Zn)O/ZnO heterostructures
Fig. 10.1a shows an SEM image in cross-sectional view of a ZnO microwire fabricated by car-
bothermal VPT (see Sec. 2.3) that was coated with a three layer stack of Mg0.22Zn0.78O (top and
bottom) and ZnO (middle). The thickness of the ZnO layer (1.7 nm) was thereby chosen in such
a way that quantum confinement should occur, i.e. a QW forms in that case. The microwire in
Fig. 10.1a is uniformly coated on all side facets.
A typical CL spectrum recorded at room temperature from a (Mg,Zn)O/ZnO microwire QW
heterostructure can be seen in Fig. 10.1b. Besides the luminescence bands that originate from
the ZnO core (ZnO green band at 2.4 eV and exciton-related emissions around 3.25 eV), two
other recombination peaks located at 3.45 eV and 3.7 are clearly visible in the spectrum. In
accordance to literature on comparable (Mg,Zn)O/ZnO QW heterostructure thin films [151–
153] we assign the high-energy peak to the recombination of disorder-localized excitons in the
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Figure 10.1.: (a) SEM picture in cross-sectional view of a PLD-coated ZnO microwire [O19].
(b) Room-temperature CL spectrum of a microwire Mg0.22Zn0.78O/ZnO QW heterostructure.
The spectrum shows ZnO core (grey area), ZnO QW (blue area) and (Mg,Zn)O barrier (yellow
area) luminescence.
Mg0.22Zn0.78O barriers and the peak at 3.45 eV to the radiative recombination of spatially con-
fined QW excitons.
In order to manifest the presence of QW excitons in the fabricated microwire heterostructures,
time-resolved PL spectra were recorded at T = 2K. The time-integrated spectra can be seen
in Fig. 10.2a,b as grey lines together with the decay times of the time-resolved measurements
(black dots) determined from mono-exponential fits to the intensity transients (details of the
time-resolved setup can be found in Sec. A.2). The decay times were acquired by resonant ex-
citation of the luminescence at the given energy. Fig. 10.2a shows the near bandedge (NBE)
region of a ZnO microwire (d = 5.2µm) that is dominated by numerous transitions of donor-
bound (DBX) and free excitons each visible as narrow recombination line. The linewidths are
as narrow as 300µeV which is in the same range as linewidths determined from donor-bound
exciton transitions present in low-defect bulk ZnO [154, 155].
All derived decay times τ are shorter than 1 ns. For the DBX lines, the decay time increases
with increasing localization energy Q. This is due to the fact that τ is subject to changes of
the donor binding energy EB (τ ∝ E
3/2
B [156, 157]) which is on the other hand proportional to
the localization energy Q. The luminescence band around 3.45 eV shows a different behavior:
its linewidth is as large as 50meV and the determined decay times do not show any spectral
dependence. This demonstrates that no DBX complexes are involved in the recombination pro-
cess but spatially confined QW excitons. The barrier luminescence is absent in Fig. 10.2 due to
the usage of a 355 nm edge filter that also causes the asymmetric lineshape of the QW emis-
sion in Fig. 10.2b. Without using the filter it would appear at an energy of 3.7 eV (not shown).
The barrier luminescence originates from radiative recombination in the (Mg,Zn)O alloy that
is composed of DBX transitions as well as the recombination of disorder-induced localized ex-
citons [O8]. For the given barrier composition x = 0.22, rather localized excitons are expected
to dominate whose decay times should adopt random numbers proportional to the depth of
the occasional disorder-induced potential landscape. This effect is clearly absent in Fig. 10.2b -
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Figure 10.2.: Low temperature PL spectra (grey line) of a ZnO microwire (d = 5.2µm) coated
with a ZnO quantum well embedded in Mg0.22Zn0.78O barrier layers for two spectral regions:
ZnOmicrowire (a) and QW emission (b). Luminesence decay times derived from time analysis
of recombination transients are given as black dots. Note that left and right axis span over same
scale for (a) and (b), respectively. Spectra were collected and transient analysis was conducted
by Dipl.-Phys. Marko Stölzel. [O19]
a contribution of barrier excitons to the luminescence around 3.45 eV can thus be excluded. A
detailed analysis of the occuring localization mechanisms in semiconductor alloys and a com-
prehensive discussion of their temporal behavior can be found in Ref. [158].
The QW heterostructures grow in radial direction on top of the microwire side facets. These
facets are non-polar which means that their net polarity is zero. Subsequently, no internal
electrical fields by spontaneous polarization occur and the QW emission is not subject to the
quantum confined Stark effect that would lead to a distorsion of the semiconductor bands and
a spatial separation of electron and hole state in the QW that in turn manifests in a reduc-
tion of the QW emission energy. This effect can be observed in c-plane (Mg,Zn)O/ZnO or
(Zn,Cd)O/ZnO thin film QW heterostructures [159] [O17].
10.1.2. Homogeneity and accessible energy range of the QW emission
The fabricated microwire QW heterostructures were further investigated concerning the ho-
mogeneity of the deposited shell layers. The most sensible measure for the homogeneity is the
spectral position of the QW emission that is influenced by both the thickness of the shell layers
and their composition. In this regard, Fig. 10.3a shows a ZnOmicrowire that has been attached
to a sapphire substrate (left) and then coated with a QW heterostructure. The length of the
freestanding part of the microwire is about 3mm. Subsequently, room-temperature CL spectra
were recorded along the microwire at every 50µm. They can be seen in Fig. 10.3b.
The evolution of the transitions of ZnO free excitons (X) and the ZnO QW excitons (QW) with
wire length are indicated by dashed lines. The X line does not show any spectral dependence
over the wire length which is evident since free excitons of the microwire core should not be
affected by either barrier composition or layer thickness. In contrast to that, the QW line shows
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Figure 10.3.: (a) Image of a PLD-coated microwire (Mg,Zn)O/ZnO QW heterostructure at-
tached to a sapphire substrate. The main part protrudes over the edge and is freestanding.
(b) Room-temperature CL scan along the same microwire heterostructure as in (a) showing
ZnO QW and free exciton (X) emission highlighted by dashed lines. (c) Room-temperature CL
spectra of a microwire heterostructure recorded at single wire side facets. The lateral record-
ing position of the spectra is thereby highlighted by same color of spectrum and section of
microwire scheme. The spectral position of the ZnO QW emission is indicated by a vertical
dashed line.
a slight redshift of 20meV from bottom to tip. However, the barrier luminescence (not shown
here) shows a shift of 30meV. From this, a reduction of the Mg-content in the barrier from
bottom to tip can be deduced that is x = 0.22 in the bottom part of the wire and 0.21 at the
wire tip. The change of the QW thickness can then be determined to be only 1Å from 11Å
(bottom) to 10Å (tip). Considering the large wire length and the large linewidth of the QW
emission (140meV), these changes are negligably small. It is to note, that the CL spectra in
Fig. 10.3b were only recorded on the freestanding part with a certain distance to the substrate
edge (0.5mm) in order to avoid possible effects that may arise due to the diffusion of silver
atoms from the silver glue into the microwire.
In order to examine the luminescence properties of the microwire along its circumference,
CL spectra were recorded at individual facets of the hexagonal microwire and can be seen
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Figure 10.4.: Room-temperature CL spectra of microwire (Mg,Zn)O/ZnO QW heterostruc-
tures with different QW thicknesses LQW and barrier compositions x. Values for LQW and x are
given above. The vertical dashed lines mark the specral positions of individual QW emission
energies, the grey area highlights the accessible energy range in which the ZnO QW emission
can be tuned. [O19]
in Fig. 10.3b. The color of the spectra indicates the facet on which they have been recorded
according to the colored sections of the hexagon scheme. As can be seen, the most intense
emission band is located at 3.42 eV and can again be attributed to the recombination of QW
excitons. However, more importantly the QW energy is the same for all recorded spectra (i.e.
for all side facets) demonstrating the homogeneity along the wire circumference.
The obtained results prove a nearly homogeneous distribution of Mg atoms along and around
the wire and also proves the constancy of the shell thickness all over the wire surface.
Subsequently, various heterostructures with varying barrier compositions andQW thicknesses
were fabricated. The microwire heterostructures with maximum and minimum QW emission
energies are shown in Fig. 10.4 as blue and black lines, respectively. For aMg-content of x = 0.17
and aQW thickness of LQW = 2.6 nm aminimumQW transition energy of 3.35 eVwas achieved.
Even smaller xwith larger LQW have been fabricated, but QW emission cannot be distinguished
from ZnO core luminescence in that case. For x = 0.32 and LQW = 0.6 nm, amaximumQWemis-
sion energy of 3.75 eV was obtained. This barrier composition simultaneously represents the
maximum possible Mg-content without occurence of cubic phase segregations. The maximum
values presented here are comparable to thin film and nanowire results that either emit at max-
imum 3.7 eV for nanowires with x = 0.25 and LQW = 0.6 nm [O10] and at 3.68 eV for thin films
with x = 0.34 and LQW = 1.5 nm [160]. Thus, the obtained minimum and maximum QW emis-
sion energies demonstrate the possible spectral range that can be covered by tuning the ZnO
QW in (Mg,Zn)O microwire heterostructures.
Besides the presence of quantum confined excitons, another spectral issue is obvious for all
recorded CL spectra: optical modulations of the spectral microwire luminescence. When com-
paring Fig. 10.1, 10.3 and 10.4, it can clearly be seen that all heterostructures exhibit cavity
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Figure 10.5.: (a,b) SEM pictures of a ZnO microwire heterostructure. The white square in (a)
marks the section which is shown magnified in (b). The shell thickness was determined to be
59 nm. (c) Corrected CL spectrum (black line) versus product of energy and refractive index
E n together with respective fit of an optical beat (blue dashed line).
mode-like resonances covering the ZnO green band in the visible spectral region. However,
these modes behave different compared to uncoated microwires - they show regular kinks in
intensity whose spectral distance is much larger than the regular intensity modulations caused
by the modes themselves. This is characteristic for an optical beat of two modulations with
comparable but slighty different wavelengths.
In order to investigate this in detail, the CL spectrum in Fig. 10.1 was smoothed by the method
of moving averages in order to separate the mode signatures. Then, the intensity difference of
the original and smoothed spectra divided by the smoothed spectrum ∆I/I was plotted versus
the product of energy and refractive index En (for spectrally equidistant nods and antinods)
and can be seen in Fig. 10.5c. The cross section of the corresponding microwire is shown in
Fig. 10.5a together with a magnified section in (b) showing the heterointerface between core
and shell. The shell thickness in this case is only 59 nm. Note, that the microwire in (a) was
mechanically broken in order to determine the shell thickness from the cross-sectional view.
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Figure 10.6.: Optical pathway of S6- (blue line), S3- (red line) and D3-WGM (green lines) in
microwire heterostructures with (a) nshell/ncore = 0.8 and Lshell/Ri = 0.1, (b) nshell/ncore = 0.8 and
Lshell/Ri = 0.33 and (c) nshell/ncore = 0.9 and Lshell/Ri = 0.1.
Subsequently, the breakpoint is not necessarily equal to the lateral position of the CL spectrum.
Thus, the diameter can change due to the tapered shape of the microwire. The inner wire ra-
dius from Fig. 10.5c was determined to be Ri = 6.22µm.
The CL spectrum has been fitted by an optical beat composed of two harmonic oscillators with
comparable wavelengths. A least-square fit yields optical pathlenghts of L1 = (37.2 ± 0.3)µm
and L2 = (32.5± 0.2)µm. Considering all possible kinds of cavity modes - FPM, hexagonal and
triangular WGM - these pathlengths agree well with a superpositon of hexagonal and triangu-
lar modes since the corresponding inner radii assuming hexagonal WGM Ri,1 = L1/6 = 6.2µm
or triangular WGM Ri,2 = L2/3√3 = 6.25µm exactly match the microwire radius. The appear-
ance of both hexagonal and triangluar WGM can be understood in terms of the inner refraction
at the heterointerface. Due to the interface (Mg,Zn)O/ZnO and the accompanied decrease of
the refractive index from core to shell, the light waves are refracted away from the surface nor-
mal coincidently increasing the angle of incidence. This drastically enhances the probability to
observe triangular WGM since the limiting angle for TIR is considerably exceeded in that case.
Simultaneously, the absence of FPM can be ascribed to the introduced surface roughness of the
shell layer that might supress FPM.
10.2. Strategies to overcome light absorption and interface reflection
So far, the observation of cavity modes in microwire heterostructures is limited to the visible
spectral range only covering the ZnO green band. However, the establishment of an interaction
between QW excitons and cavity modes requires the spatial and spectral overlap of light and
matter. The spectral limitation in observing cavity modes might be due to spatial or spectral
restrictions: (i) The step of the refractive index between (Mg,Zn)O and ZnO increases with
increasing energy and might cause a TIR at the core/shell interface. Subsequently, hexagonal
WGM would only pass the ZnO core not penetrating the shell and the QW. This is depicted
in Fig. 10.6a. (ii) ZnO exhibits a strong absorption edge which leads to the fact that cavity
modes with energies larger than the ZnO free exciton transition are fully captured by the ZnO
microwire core when passing it and thus energetically does not reach the QW excitons. These
drawbacks need to be overcome.
Fig. 10.6b,c shows possible strategies to overcome the restrictions that are associated to the
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coupling of QW excitons and cavity modes so far. On the one hand, the shell thickness can be
increased such that hexagonal WGM completely pass the shell and do not penetrate the core
(see Fig. 10.6b). This strategy is advantageous since it simultaneously overcomes restrictions
(i) and (ii), the resulting effects are investigated in Sec. 10.2.1. On the other hand, the active
material can be substituted in order to push the QW emission below the ZnO absorption edge.
This would fulfill requirement (i). In addition, quantum confinement can be achieved for lower
Mg contents since potential difference between barrier and QW would be increased and thus
satisfies restriction (ii). The results of this approach can be found in Sec. 10.2.2.
10.2.1. Increasing shell thickness
Fig. 10.7 shows SEM pictures of different microwire heterostructures that differ in shell thick-
ness and wire radius. These microwires were coated by a single layer of Mg0.15Zn0.85O. The
microwire in (a) was mechanically broken. Unfortunately, the wire cross section exhibits a
jagged surface due to fracture making it impossible to identify a heterointerface. However,
from the chosen growth parameters Lshell/Ri ≈ 0.2 can be deduced. It can be seen that the
facet surface is rather rough. More importantly, the corners are fringed similar to what was
observed for non-perfect ZnO microwires in Sec. 6.1. However, here the effect can be ascribed
to different growth rates of the shell layer during deposition. This phenomenon was already
reported for coated silicon nanowire core/shell heterostructures that exhibit several additonal
low-index facets compared to the uncoated case [161]. When increasing the shell thickness, the
mentioned effects become more apparent: the surface roughness is tremendeously enhanced
and the corners are much more extended as can be seen in (b) for Lshell/Ri ≈ 0.3. The microwire
from (b) is tapered, its diameter changes from 1.25µm in (b) to 0.56µm in (c) whereas the shell
thickness is constant. Thus, Fig. 10.7c shows the same microwire as in (b) but for a different
lateral position. Also the perspective on the wire is the same. Albeit showing three facets in (b),
only two facets can be seen in (c). This indicates a change of the outer facet orientation from
m-plane to a-plane since the former a-oriented corners now embody the rim of the microwire.
CL spectra were recorded for both lateral positions (b) and (c) on the particular microwire and
can be seen in Fig. 10.7d. Note that the spectrum corresponding to image (c) was recorded
at a lateral position where the wire cross section reveals a hexagonal shape and does not
show any exaggerations (as visible in the image). Both spectra exhibit a broad emission cen-
tered at 3.55 eV that can be assigned to the radiative recombination of localized excitons in the
Mg0.15Zn0.85O shell layer. Any luminescence from the ZnO core is absent since the electrom
beam has a limited penetration depth and thus does not excite carriers in the core (for the cho-
sen experimental conditions) due to the large shell thickness. Note, that the ZnO green band
is suppressed in Mg0.15Zn0.85O. This can potentially be explained by the incorporation of Mg
into the ZnO host lattice. The Mg atoms probably reduce the rigidity of ZnO and thus prevent
the formation of zinc interstitials or oxygen vacancies. This suggests that the ZnO green band
is more likely caused by intrinsic defects rather than by copper ions. However, this statement
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Figure 10.7.: (a-c) SEM pictures of microwire (Mg,Zn)O/ZnO heterostructures with different
diameters and shell thicknesses. The ratio Lshell/Ri ≈ 0.2 in (a) and 0.3 in (b). The microwire
in (b) is tapered and can be seen in (c) for a smaller core radius. (d) Room-temperature CL
spectrum of lateral microwire position shown in (c) that exhibits optical resonances due to
WGM above the ZnO bandgap. The energetic positions of WGM are marked by black arrows
and blue dashed lines.
is quite notional and will not be investigated in more detail.
Besides the Mg0.15Zn0.85O luminescence, the CL spectrum recorded at position (b) in Fig. 10.7d
is modulated by the spectral signature of cavity resonances (red line). They clearly appear up
to 3.2 eV but vanish above. This abrupt disappearance can be explained by the sharp ZnO ab-
sorption edge that captures the cavity modes. In contrast to that, cavity modes in (c) even occur
above the ZnO free exciton transition up to energies of 3.58 eV (indicated by black arrows). This
evidences that the present modes entirely propagate through the shell layer and do not pass
the ZnO core because they would be absorbed otherwise. Further, also the optical pathway of
modes can be deduced being hexagonal. This is possible since only hexagonal WGM are able
to avoid absorption by passing the cladding. Theoretically, triangular WGM are possible for
Lshell/Ri > 1 but this is not the case for the microwire heterostructures from Fig. 10.7.
The above discussed effects that occur by increasing the shell thickness on the one hand demon-
strate that it is possible to fabricate microwire core/shell heterostructures with single layers of
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Figure 10.8.: Room-temperature CL spectra of microwire (Mg,Zn)O/(Zn,Cd)O QW het-
erostructures with different QW thicknesses LQW. Values for LQW are given above. The vertical
dashed lines mark the specral positions of individual QW emission energies, the grey area
highlights the accessible energy range in which the (Zn,Cd)O QW emission can be tuned. A
spectrum of a reference microwire (yellow dashed line) with Zn0.75Cd0.25O shell is given for
comparison. [O19]
large shell thicknesses that even allow the formation of cavity modes inside them but on the
other hand also witnesses the difficulties that appear when trying to transfer the findings to the
fabrication of microwire QW heterostructures. The displayed change of the outer facet orien-
tation from m- to a-plane by increasing the shell thickness also strongly affects the deposition
of radial QWs. The QW growth cannot be adjusted in such a way that its offers a constant
thickness along the circumference. Due to the higher growth rate for the a-direction, the QW
thickness would theoretically increase from m- to a-plane facets and decrease vice versa. Sub-
sequently, no QW heterostructures were achieved that show both a distinct QW emission and
cavity modes that only pass the shell layer.
10.2.2. Changing the active material
When alloying ZnO with Cd atoms, the fundamental bandgap decreases. This fact offers
the unique possibility to tune the ZnO emission into the visible spectral region by fabricat-
ing (Zn,Cd)O. This also provides a route to overcome the restrictions that occur in microwire
(Mg,Zn)O/ZnO QW heterostructures when trying to achieve the strong coupling regime (as
discussed above). In principle, the active ZnO layer can be alloyed with Cd in that case in or-
der to push the QW emission below the core ZnO free exciton transition. However, only few
reports exist that demonstrate the successful fabrication of QW heterostructures containing
(Zn,Cd)O as active material - even less for the available growth method of pulsed-laser deposi-
tion being also limited in the achievable range of Cd compositions (x < 0.09) [162]. Fortunately,
Dipl.-Phys. Martin Lange from the Semiconductor Physics Group at University Leipzig re-
cently succeeded in growing Zn0.75Cd0.25O/ZnO multiple QWs by pulsed-laser deposition [O
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17]. For this purpose, sintered ZnCdO targets were used that contain 30 wt.-% Cd and only
low growth temperatures around 300○C were chosen for the growth resulting in high-quality
Zn0.75Cd0.25O epilayers or QWs. Subsequently, the obtained thin film results were transferred
to microwire heterostructures.
Fig. 10.8 shows a CL spectrum of a microwire heterostructure that only possesses a single
shell layer of Zn0.75Cd0.25O (yellow dashed line). The Cd content was determined by energy-
dispersive X-ray emission (EDX1) at the outer shell layer not penetrating the core. The CL
spectrum shows two peaks with maxima at 2.1 eV and 2.5 eV. The dominating peak at 2.1 eV
is attributed to deep defect luminescence due to its lineshape and linewidth which is similar
to the ZnO green band. The high energy shoulder at 2.5 eV exhibits a much smaller linewidth
and can thus be assigned to the recombination of localized excitons in the Zn0.75Cd0.25O layer.
In additon to that, its energy is in perfect agreement to that of thin films with comparable com-
positions.
For the fabrication of (Zn,Cd)O QWs, the barrier material was chosen to be (Mg,Zn)O instead
of pure ZnO in order to reduce the emission of deep defect centers as present in ZnO (see
Fig. 10.1). Note, that the ZnO green band in Fig. 10.1 is only visible due to the small overall
shell thickness and the chosen measurement conditions (acceleration voltage of the electron
beam). In that case, the penetration depth of the electron beam is that large that it not only ex-
cites carriers in the shell, but also in the core. Here, larger shell (barrier layer) thicknesses and
lower acceleration voltages for the record of CL spectra were chosen in order to only collect
light from the shell.
As a consequence, (Mg,Zn)O/(Zn,Cd)O microwire QW heterostructures were fabricated with
Mg0.12Zn0.88O barriers and Zn0.75Cd0.25O QWs. CL spectra of microwire heterostructures with
three different QW thicknesses but constant layer compositions can be seen in Fig. 10.8 (solid
lines). The spectra were normalized to their intensity maximum. The Mg0.12Zn0.88O barrier lu-
minescence can be found at an energy of 3.5 eV being the same for all heterostructures. Subse-
quently, for all spectra the second broad peak at lower energies is assigned to the recombination
of excitons in the (Zn,Cd)O QW. Since the active material in the QW is an alloy, time-resolved
PL measurements as carried out for ZnO QWs (see Fig. 10.2) cannot yield unambiguous evi-
dence for quantum-confined excitons. However, there are several indications for that issue. As
the different heterostructures in Fig. 10.8 nominally all have the same QW composition, that
is Zn0.75Cd0.25O, they should in the case of non-confined excitons emit at 2.5 eV, the energy of
the reference layer (yellow dashed line). But they show emission maxima clearly above 2.5 eV
indicating quantum confinement.
Being critical, one could also ascribe the blueshift to an intermixing of barrier and active layer.
However, this is unlikely due to the size-dependent shift of the QW emission. The different
1Electrons are excited into higher states by an electron beam - their relaxation is accompanied by characeristic
X-ray emission. An energy-dispersive detection of the X-ray emission allows the unambiguous identification
of individual elements. The intensity of distinct peaks is thereby a measure of the amount of elements in the
sample.
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QWs in Fig. 10.8 have thicknesses of 2.1 nm (blue line), 1.7 nm (red line) and 0.8 nm (black line)
and emit at 2.70 eV, 2.92 eV and 3.10 eV, respectively, showing a blueshift with decreasing QW
thickness as it is characteristic for QWs. This fact justifies the term QW heterostructures for the
(Mg,Zn)O/(Zn,Cd)O-coated microwires presented here.
Similar to all other heterostructures presented in this chapter, also the (Mg,Zn)O/(Zn,Cd)Omi-
crowire QW heterostructures show signatures of cavity modes in their spectrum. In this case,
the modes spectrally span over the QW emission. Since the Mg-content in the barrier was cho-
sen as low as x = 0.12, the step of the refractive index at the core/shell interface is so small that
total internal reflection only takes place for angles of incidence > 60○ allowing hexagonal WGM
to pass the shell layer. This means, (Zn,Cd)O QW excitons and cavity modes both overlap spa-
tially and spectrally which is the main prerequisite for the strong interaction between light and
matter. However, the evidence for the strong coupling regime cannot not be given in this thesis
and has to be subject to future work.
10.3. Nanowire quantum well heterostructures
The use of ZnO nanowires as core material instead of microwires provides several advantages:
aligned ZnO nanowires can easily be grown self-organized by pulsed-laser deposition on plane
substrates such as sapphire [22] (details of the PLD-assisted growth of ZnO nanowires can be
found in Sec. A.1). This obviates the need for a very sensible transfer of wires by mechani-
cal tools from their growth place to substrate edges as it is was done for microwires so far.
Even the wire mounting becomes superfluous. Thereby, the shape and the size of the nanowire
can precisely be controlled by the chosen process parameters. This is not the case for the car-
bothermal VPT. However, the use of nanowires instead of microwires also has disadvantages.
PLD-grown, aligned ZnO nanowires usually have diameters of several tens to hundreds of
nm, but only lenghts of up to several µm. This on the one hand complicates the experimental
investigation of these wires due to their small extensions. On the other hand, nanowires with
diameters below 100 nm do not provide anyWGM signatures or only the lowest possible mode
number [18, 163].
Further, there are only two publications from the same research group that report the success-
ful growth of nanowire MQW heterostructures with (Zn,Cd)O QWs [164, 165]. Their QWs are
composed of Zn0.962Cd0.038O and emit at 3.17 eV (at room temperature) which is only barely
below the ZnO free exciton transition. However, the new insights into the growth of (Zn,Cd)O
QWs derived from thin film technologies (as explained above) enable a transfer to nanowires
and allow lower nanowire QW emission energies.
An example of a pure ZnO nanowire can be seen in Fig. 10.9a with a length of about 5µm and
a diameter of 85 nm. Subsequently, nanowires like this served as templates for the deposition
of the shell layers. A coated nanowire MQW heterostructure can be seen in Fig. 10.9(b). The
nanowire heterostructure contains 4 Zn0.75Cd0.25OQWs inMg0.12Zn0.88O barriers with a lateral
distance of about 70 nm between the individual QWs. The nanowire diameter after coating is
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Figure 10.9.: (a) SEM picture of a PLD-grown ZnO nanowire with a diameter of
85 nm that served as core for core/shell structures shown in (b,c). (b) SEM picture of a
(Mg,Zn)O/(Zn,Cd)O nanowire QW heterostructure with a diameter of 720 nm after coating.
(c) Cross-sectional view of a (Mg,Zn)O/(Zn,Cd)O nanowire QW heterostructure that was cut
by a FIB. The wire was covered with Pt prior to the cutting.
720 nm which means that the overall shell thickness is about 320 nm. Fig. 10.9c shows a sim-
ilar wire in cross-sectional view. The nanowire was cut using a focussed ion beam (with Ga
ions). Pt was deposited on the nanowire prior to the cutting in order to avoid any effects on
the nanowire surface caused by the ion beam. The platinum can be seen in Fig. 10.9c as dark
grey material around the nanowire. Unfortunately, the cross-sectional view does not provide
enough image contrast allowing a differentiation between individual shell layers. Even the
ZnO microwire core cannot be distinguished from the shell. Nevertheless, Fig. 10.9 provides
an impression of the wire morphology after coating. Albeit showing a very rough surface with
steplike shiftings, the nanowire cross-section still maintains a hexagonal shape, although the
side facets are a little bit radiused and the corners rather represent kinks. The kinked cor-
ners are again most probably caused by different growth rates in different crystal orientations
similar to the effects that occur in microwire heterostructures with large shell thicknesses (see
Sec. 10.2). This assumption is reasonable since shell thicknesses of > 300nm have been used
here. However, the length fraction of the corners compared to the side facets along the circum-
ference is still small enough that effects like dodecagonality or rotation domains as in Sec. 10.2
do not appear.
A room-temperature CL spectrum of the nanowire heterostructure from Fig. 10.9b is depicted
in Fig. 10.10. The spectrum shows several features: in comparison with the results obtained for
the microwire QW heterostructures, the peak at 3.48 eV (and its second order peak at 1.74 eV)
is attributed to the barriers and the broad peak around 2.9 eV can be assigned to quantum con-
fined excitons in the multiple ZnCdO QWs. However, also this CL spectrum is dominated by
mode signatures which can be ascribed to hexagonal WGM due to the following reasons: the
coating causes a drastic increase in the wire diameter into the regime where WGM can easily
be observed. The presence of S6-WGM in the spectrum is assisted by the hexagonal shape
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Figure 10.10.: Room-temperature CL spectrum of a (Mg,Zn)O/(Zn,Cd)O nanowire QW het-
erostructure (d = 720nm). The blue dashed lines denote hexagonal WGM in the transparency
region of Mg0.12Zn0.88O with mode numbers N. The spectral positions of S6-WGM are given
by Eq. 9.1 using the (Mg,Zn)O alloy refractive index given by Eq. 2.5. The green dashed lines
highlight additional WGM apparent in the near-band edge region of the barriers. The grey area
marks the spectral range (147meV) between probable LPB and UPB.
of the nanowire cross section and the kinked corners that promote the out-coupling of S6-
WGM (see Sec. 6.2). Triangular modes can be excluded in this case since the refractive index of
Mg0.12Zn0.88O does not allow a TIR at the interface shell/air with an angle of incidence θi = 30○
(i.e. n < 2). Further, the facet surfaces are to rough to support FPM in the nanowires. Hence,
the present cavity modes have to be S6-WGM. These WGM completely pass the shell layer and
thus spatially overlap with the ZnCdO QWs. In this regard, the nanowire QW heterostructures
are able to combine both strategies towards the strong coupling regime that were presented in
Sec. 10.2 to overcome the problems with ZnO absorption and interface reflection.
In the following, the mode energies were calculated by using Eq. 9.1 although this equation is
not suitable for resonator lengths being in the range of the wavelength. Nevertheless, Nobis
et al. demonstrated the applicability of Eq. 9.1 in the transparency region of ZnO [111] even
for this case. They found good agreement between the ray-optical equation and the solutions
of the electromagnetic wave equations. The restriction to the transparency region is also given
for the Cauchy approximation of the refractive index of the (Mg,Zn)O alloy which was derived
from ellipsometric measurements [60]. It is not able to reproduce excitonic contributions to the
dielectric function of the material. Subsequently, a cut-off energy of 3.0 eV was set in order to
account for the calculational limitations. The calculated mode energies from Eq. 9.1 by using
the fractive index of Mg0.12Zn0.88O according to Eq. 2.5 are shown as vertical dashed, blue lines
in Fig. 10.10. As can be seen, the calculated mode positions nicely match the cavity resonances
in the CL spectrum for energies < 2.7 eV. The corresponding low-order WGM mode numbers
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are N = 3, 4, 5 and 6. However, the cavity modes behave different in the vicinity of the QW.
They strongly deviate from the calculated mode position at 2.87 eV. Further their mode spacing
in the vicinity of the QW is also much smaller than expected for this spectral range. Additional
twomodes are then again visible near the barrier luminescence (highlighted by vertical dashed,
green lines). The peak positions of these modes cannot quantitatively be reproduced due to the
lack of experimental data on the refractive index of (Mg,Zn)O near the excitonic transition.
The anomalous behavior of the WGM in the vicinity of the transition of QW excitons gives
rise to the assumption of a possible interaction between QW excitons and WGM. In the case
of strong light-matter interaction, the two maxima located at 2.82 eV and 2.99 eV can then be
assigned to lower (LPB) and upper polariton branch (UPB), respectively, with a separation of
167meV. This could even explain the much higher intensity of the lower energy peak since
the LPB is in most cases much stronger occupied by polaritons than the UPB. However, this
is only a tentative explanation and cannot be verified by the given experimental results. Fur-
ther experiments need to be carried out that may substantiate or debiliate the indications for
strong light-matter interaction found in Fig. 10.10. Note that angular-resolved PL measure-
ments could not be performed due to the small lateral extension of the nanowires. For this
purpose, the nanowire substrate needs to be cut in order to acces the nanowire from its side as
done in Ref. [45].
Chapter summary
ZnO microwires were transferred to the edges of substrates in order to coat them by pulsed-
laser deposition with QWs containing (Mg,Zn)O barriers and ZnO active regions to form core-
shell heterostructures. The succesful fabrication of QWs is evidenced by a thickness-dependent
shift of the emission band which is previously ascribed to QW excitons. The band shifts to
lower energies with increasing QW thickness as expected. Further, time-resolved photolumi-
nescence was recorded for the QW emission and the excitonic transitions from the core ZnO. It
turned out that the average decay time of ZnO QW excitons is independent from their spectral
position in contrast to the ZnO donor-bound exciton transitions that show a E3/2-dependence
of the decay time - an evidence for quantum confinement. Subsequently, it was shown that the
QW emission is constant around the wire and nearly constant along the wire. The fabricated
QW heterostructures all showed signatures of cavity modes that were identified as a superpo-
sition of triangular and hexagonal WGM.
In order to achieve strong interaction between QW excitons and heterostructure WGM, sce-
narios were developed that enable the strong coupling regime by suppressing the ZnO light
absorption and interface reflection. The scenarios on the one hand require an increase of the
overall shell thickness and on the other hand necessitate a reduction of the QW transition en-
ergy below the ZnO free excitons. Both routes were applied to the microwire heterostructures.
By increasing the shell thickness, it was found out that different growth rates along the a- and
m-directions lead to the formation of a 30○ rotation of the dominating facet orientation from
111
initially m-plane to a-plane. Further, surface roughness is strongly enhanced simultaneously
causing a drastic increase of the cavity mode linewidth. The QW emission energy was reduced
by using (Zn,Cd)O instead of ZnO as active region. The succesful achievement of quantum con-
finement was again proven by a thickness-dependent shift of the QW exciton transition. Both
scenarios could be combined in fabricating nanowire QW heterostructures with (Zn,Cd)O QW
where WGM entirely propagate through the shell layer without being subject to absorption by
the nanowire core. In these structures, strong indications were found for light-matter interac-
tion of QW excitons and WGM by unusal mode positions of WGM in the spectral vicinity of
the QW. The observed modes were tentatively ascribed to lower and upper polariton branches.
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11. Summary and outlook
Summary
In this thesis, cavity effects in polygonal resonators were investigated. ZnO microwires were
used as model systems due to their hexagonal cross sections. The influence of changes of the
hexagonal resonator shape on the formation, pattern, quality as well as the directionality of
distinct one- and two-dimensional cavity modes was simulated and experimentally verified.
Further, interactions between the cavity modes and the cavity itself were examined in pure
ZnO microwires and microwire heterostructures.
The ZnO microwires were fabricated by carbothermal vapor phase transport (VPT) and were
investigated by using photoluminescence (PL) and cathodoluminescence (CL). The wire lumi-
nescence is composed of recombination bands caused by the resonatormaterial ZnO and strong
intensitymodulations that were assigned to eigenmodes of the hexagonal resonator. Their pres-
ence proves the cavity effect in the fabricated microwires. Subsequently, cavity modes were
analysed with respect to their spectral position and their photonic dispersion. For this pur-
pose, angular-resolved PL spectra were recorded. It turned out that one-dimensional Fabry-
Pérot modes (FPM) are preferentially present in thick hexagonal or elongated hexagonal wires
and two-dimensional whispering gallery modes (WGM) can only be detected in thin hexago-
nal wires. The FPM in this case propagate between the top and bottom hexagon facet and not
along the wire axis as usually observed. The presence of FPM in thick wires and their absence
in thin wires was explained by a decrease of the cavity losses with increasing wire diameter
and a simultaneous decrease of reflections per time unit. The reason for the absence of WGM
in thick wires is more complicated and was explained by the shape of the hexagon corners. It
was observed that microwires grown in different VPT runs can exhibit different morphologies.
In this context, the microwires that preferentially show WGM were characterized by fringed
corners in contrast to the microwires that show FPM signatures and had sharp corners. The
corners thus strongly influence the out-coupling of WGM since they act as a discontinuity for
the propagating wave.
That WGM are still present in microwires but do not occur in PL spectra due to insufficient out-
coupling was demonstrated by increasing the excitation density. For this purpose, excitation-
dependent PL experiments were carried out and stimulated emission of cavity modes was ob-
served. In case of high excitations, the wires are flooded by light enhancing the out-coupling. In
this regard, it was observed that WGM in microwires with sharp corners possess much higher
quality factors affecting the onset of WGM lasing at low temperatures. The lasing regime was
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achieved at much smaller threshold values for microwires with sharp corners than for wires
with fringed corners. Even the previously unobserved WGM lasing regime at room temper-
ature could be overcome in microwires with sharp corners enabling the fabrication of room-
temperature microwire lasers.
ZnO microwires have been proposed to be suitable candidates for the establishment of room-
temperature exciton-polariton lasing due to their excellent optical and electronic properties
provided by high-quality whispering gallery modes and high-temperature stable excitons. In
accordance to this, ZnO microwires have been subject to several investigations published in
literature regarding the formation of polaritons. In this thesis, it was shown that an evalu-
ation of possible polariton signatures requires a careful analysis and exact knowledge of the
dielectric background as well as the polariton formation mechanisms which have previously
been disregarded in the literature. Since ZnO is a strongly absorbing material in its excitonic
regime, it prevents the observation of upper polariton branches and thus hampers the evalua-
tion if observable dispersion curves are coupled lower polariton branches or uncoupled cavity
modes. Since dispersion curves of WGM were only precisely resembled by using the ZnO in-
dex of refraction including excitonic contributions, it is still feasible that polaritons are present.
However, the appraisal factors need to be readjusted in order to account for the mentioned
circumstances.
Respective angular-resolved PL experiments were carried out and spectra in the stimulated
emission regime showed that lasing spots do not arise from the energetic minimum of the
cavity mode dispersion curve as it would be expected for regular photon lasing. More likely,
lasing arose blueshifted to the minimum at finite wave vectors as it is typical for polariton
lasers. Furthermore, dispersion-less lines appeared across the angular-resolved spectra that
could be assigned to a pumping induced propagation of one-dimensional polariton conden-
sates. The indications for polariton condensation were further reinforced by the observation of
an increase of the wave vector of the lasing peakwith increasing excitation which was observed
in polariton condensates before and is caused by an increased pump-inducedmomentum. The-
oretically, WGM can be observed at a multitude of energetic levels without any ground state
which is in contrast to common polariton systems. Thus, polaritons are subject to relaxation
processes into lower-lying levels when an occupation of one is reached. However, the com-
pelling evidence for the presence of polaritons could not be given in this thesis.
Furthermore, it was shown that microwires can exhibit local outgrowths along the wire, which
lead to strong variations of the wire diameter under preservation of the hexagonal shape. PL
experiments and respective mode calculations showed that cavity modes can still be observed
at these outgrowths and are either of FPM or WGM type. It was found that WGM dramati-
cally changed their directionality from uniform out-coupling in the case of fringed corners to-
wards highly unidirectional out-coupling along the directions of elongation in the elongated
microwire. This result opens up possibilities for future development of highly directional
polygonal microlasers.
Since the fabricated microwires exhibited very large aspect ratios of 104 and more, they were
114
predestinated for bending experiments and investigations regarding the formation of cavity
modes in a resonator with asymmetric shape perpendicular to the wire axis. In this context,
low-temperature PL experiments were carried out on mechanically bent ZnOmicrowires (bent
along their wire axis). The bending induced symmetrically distributed tensile and compressive
strain at the outer and inner edge of the microwire. The induced strain caused a strong red-
and blueshift of the excitonic wire luminescence, respectively. The maximum strain achieved
in wires was of the order of ±1.5% causing a shift of ±30meV. The experiment was carried out
on several wires enabling a precise determination of the uniaxial deformation potential to be
∂EA/∂εc = (2.04± 0.02) eV. Both, the unstrained and strained microwire, exhibited cavity signa-
tures that could be assigned to hexagonalWGM. This observation was unexpected since hexag-
onal WGM do not posses a closed optical pathway in strained hexagons, which demonstrates
their robustness to deformations of the resonator shape. However, WGM in bent microwires
showedmuch smaller quality factors suggesting that they would disappear at larger strain val-
ues.
In order to tune the accessible spectral range that can be covered by cavity modes, core/shell
microwire heterostructures were fabricated by coating pure ZnO microwires with (Mg,Zn)O
and (Zn,Cd)O alloys. The creation of quantum wells (QWs) around the microwires addition-
ally enables an enhancement of possible coupling between WGM and QW excitons compared
to pure microwires due to superior quantum efficiency of QW excitons. The coating was per-
formed by pulsed-laser deposition (PLD). Microwire QW heterostructures were fabricated and
showed maximum QW emission at 3.75 eV by using a ZnO QW in (Mg,Zn)O barriers and min-
imum QW emission at 2.7 eV by using a (Zn,Cd)O QW in (Mg,Zn)O barriers. All heterostruc-
ture spectra exhibited cavity mode signatures that could be assigned to WGM. However, inter-
face reflections and absorption prevented the spectral and spatial overlap of WGM with QW
excitons. Subsequently, a strategy was developed which facilitated strong coupling between
WGM and QW excitons in theory and required an increase of the overall shell thickness as
well as a reduction of the QW emission below the ZnO absorption edge. Similar to pure ZnO
microwires, the corresponding heterostructures with large shell thicknesses showed fringed
corners although microwires with sharp corners were used as core material. The fringing effect
was attributed to different growth rates along the a- and m-direction during deposition. By
further increasing the shell thickness, even microwires with a 30○ rotation of the main outer
facet orientation with respect to the core facets could be fabricated.
In order to prevent an excessive fringing of the corners, the process was transferred to the
nanowire regime since nanowires do not need to be coated extensively due to their small core
diameter. As a consequence, (Mg,Zn)O/(Zn,Cd)O QW heterostructures were fabricated which
comprised both QW emission below the ZnO absorpion edge and a large shell thickness com-
pared to the core. Most importantly, these wires also exhibited cavity resonances that even
show some indications for the achievement of strong coupling between WGM and QW exci-
tons due to unusual mode positions of resonances in comparison to uncoupled modes. Unfor-
tunately, lasing could not be observed in wire heterostructures in this thesis.
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Outlook
The results obtained so far raise new questions and stimulate future experiments that need to
be done in order to confirm several experimental findings or to extend and generalize the cre-
ated scientific perspective.
For instance, the investigated directionality of the polygonal resonators is an important issue
that needs to be subject to future efforts. One could imagine combining the properties of both
types of microwires with fringed and sharp corners in such a way that a microwire with sharp
corners is intentionally fringed by focussed ion beam techniques or etching processes at one of
its hexagon corners. This would theoretically lead to a highly unidirectional and simultaneous
highly narrow emission of WGM.
Furthermore, experiments need to be carried out that unambiguously demonstrate the forma-
tion of a polariton condensate in the present microwires. For this purpose, one could simulta-
neously record real and reciprocal space images of the condensate below and above threshold.
If the pump spot is located near the end of the microwire, the real space image should show
equidistant intensitymaxima betweenwire end and pump spot due to the formation of a stand-
ing polariton condensate wave. Additionally, double slit and interferometry experiments could
verify the spontaneous build-up of long-range coherence in the exciton-polariton condensate.
Also for fabricated micro- and nanowire quantum well heterostructures, the evidence for the
strong coupling regime and possible polariton condensation is still not given and needs to
be verified in future work. In case of strong coupling between WGM and QW excitons, the
condensation should be much more efficient in comparison to free excitons since quantum ef-
ficiency and exciton stability is strongly enhanced in quantum wells.
Finally, the performed bending experiments leave room for many other strain-related issues
that need to be investigated and are of great importance for semiconductor technology. For
instance, it is crucial to examine the limitations of the linear strain regime and to figure out at
which stress values nonlinear strain effects, inelastic deformations or even fraction play a (key)
role. In order to address these issues, the mechanical bending has to be conducted with the
aim to achieve much smaller radii of curvature. Even the bending of much thinner microwires
is conceivable since thinner wires can widthstand much larger strain values before breaking.
Larger strain values could induce a variation of the valence band ordering or carrier accumu-
lation effects. It would also be highly interesting to transfer the bending experiment from pure
ZnO microwires to the microwire quantum well heterostructures since in that case quantum
phenomena can be investigated simultaneously under high tensile and compressive strain. A
different mechanical manipulation of the microwires, e.g. by twisting, could allow a precise
determination of other deformation potentials that are of paramount importance for the semi-
conductor industry since all semiconductor heterostructures underly various strain effects due
to lattice mismatch.
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Part IV.
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A. Experimental framework
A.1. Pulsed-laser deposition (PLD)
The coating of micro- and nanowire heterostructures as well as the nanowires themselves were
fabricated by pulsed-laser deposition. The heterostructure growthwas thereby performedwith
a standard PLD process whereas the nanowire growth was applied in a high-pressure PLD pro-
cedure. A typical setup of a PLD chamber is shown in Fig. A.1a. In this process, the laser light of
a pulsed excimer laser with 248 nm (Kimmon LPX 300) wavelength, a pulse length of 25 ns and
a pulse power density of 2.4 J/cm2 is focussed by a quartz glass lens with f = 500mm through
the window of the PLD chamber onto a ceramic target that is ablated by the laser beam.
The ceramic targets are composed of high-purity metallic powders with tunable compositions
with respect to the desired deposition material: pure ZnO powder (99.997% purity) for ZnO
layers, a mixture of ZnO and MgO (99.998%) powders in different mixture ratios for the de-
position of (Mg,Zn)O and a mixture of ZnO and CdO (99.998%) powders in different mixture
ratios for the deposition of (Zn,Cd)O. The targets were pressed and subsequently sintered for
12 h at 1150○ in a heat chamber. The mostly used target for (Mg,Zn)O growth was composed of
88%ZnO and 12%MgO (at.-%) resulting inMg0.17Zn0.83O layers due to a target-substrate trans-
fer coefficient of about 1.41 for optimal growth pressure. On the other hand, the mostly used
(Zn,Cd)O target was composed of 70% ZnO and 30% CdO (at.-%) resulting in Zn0.75Cd0.25O
layers for optimal growth pressure due to a transfer coefficient of 0.83.
The ablation of the PLD targets induces the establishment of a plasma plume (see Fig. A.1b)
that is directed towards the substrate to be coated. The targets rotate with 20min−1. Further,
the substrate can be heated variable: for the growth of (Mg,Zn)O/ZnO heterostructures a tem-
perature of 730○C was chosen whereas for the growth of (Zn,Cd)O/(Mg,Zn)O heterostructures
a temperature of 330○Cwas applied. The growth temperatures were chosen in order to account
for optimal conditions regarding target consistency, absorption, desorbtion and kinetic plasma
effects [59]. The growth takes place in the presence of an oxygen background gas in order to
ensure maximum oxygenation of the deposited films. The oxygen partial pressure was set to
0.2 Pa for ZnO, 0.8 Pa for (Mg,Zn)O or 2.6 Pa for (Zn,Cd)O, respectively.
The growth of ZnO nanowires was realized in a slightly modified low-vacuum process [22].
For this purpose, the chamber pressure is set to 1.3 × 104 Pa in order to get rid of kinetic ef-
fects during the PLD procedure. A mixture of argon and oxygen is chosen as background gas,
both gases propagate with a mass flux of 50 sccm. This leads to a thermal transport of highly
distributed particles to the substrate that is held at 800○C and the subsequent growth of ZnO
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Figure A.1.: (a) Schematic view into a PLD chamber. (b) Plasma plume during PLD, picture
provided by courtesy of Tammo Böntgen, Universität Leipzig.
nanowires. The growth mode of the ZnO nanowires is thereby proposed to be via a vapor-
solid-solid (VSS) mode [22, 63].
All pure ZnO nanowires as well as ZnO micro- and nanowire heterostructures were fabricated
in the Semiconductor Physics Group at Universität Leipzig. The growthwasmainly carried out
by Dipl.-Phys. Martin Lange, individual samples were prepared by Dipl.-Phys. Helena Franke
and Dipl.-Ing. Holger Hochmuth. Targets were prepared and sintered by Gabriele Ramm.
A.2. Photoluminescence (PL) setup
The photoluminescence setup used for optoelectronic experiments presented throughout this
theses is illustrated in Fig. A.2. The wire luminescence is excited by three different laser beam
sources: (i) a Helium-Cadmium (HeCd) laser, (ii) a neodymium-doped yttrium aluminium gar-
net (Nd:YAG) laser and (iii) a titanium-sapphire (Ti:Sa) laser. The used HeCd laser is purchased
from the KIMMON Koha Co., Ltd., operates in continous-wave (cw) single mode lasing and
emits light with 325 nm (3.81 eV) wavelength and maximum 30mW output power. Unless oth-
erwise specified, the HeCd laser was used as standard laser for all microwire PL experiments
at typical low excitation densities of < 20 kW/cm2. A crucial parameter for the experiments is
the beam diameter which was declared to be 0.9mm.
One of the alternative light sources is a pulsed DIVA II Nd:YAG laser from THALES OP-
TRONIQUE S.A. emitting in single mode at 266 nm (4.66 eV) with a maximum repetition rate
of 20MHz and pulse lengths of 10 ns. The DIVA II is a high-power laser regarding its pulse
energy of 2mJ. This results in power densities of maximum 2MW/cm2, thus the laser was ex-
clusively used for high-excitation experiments as presented in Sec. 6.2. However, an attenuator
was used to control the incident light power. The beam diameter of the DIVA II is 1.5mm. In
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Figure A.2.: Scheme of the PL setup used for experiments in this thesis. Not included: helium
bath cryostat for helium temperature measurments. The colored lines represent laser beams
with different wavelengths: 532 nm (green), 325 nm (blue) and 266 nm (light blue).
order to be able to cover an intermediate excitation regime (between the HeCd and the DIVA
II), a third laser light source was used: a Verdi V2 emitting at 532 nm in cw-mode as pump
laser for a monolithic block doubler (MBD) where the green laser light is frequency doubled
by a Coherent MBD-266 with a barium borate crystal (BBO) as resonant cavity. The resulting
wavelength is 266 nm with an output power of > 200mW and a beam diameter of 0.8mm. The
MBD was also only used for excitation-dependent PL experiments, similar to the DIVA II. Its
laser light was attenuated by grey filters.
The laser light of the HeCd and the MBD is focussed by an UV objective onto the sample in a
confocal setup for measurements with high spatial resolution (labelled MICRO-PL in Fig. A.2).
Prior to the objective is a beam widening assembly composed of two lenses and a pinhole in
order to completely illuminate the entering aperture of the objective (3.4mm). The ratio of the
focal lengths of the two lenses was chosen accordingly to f1/ f2 = 4 for the HeCd and 4.25 for the
MBD, respectively. The width of the pinhole is 10µm resulting in a spatial resolution of 1µmon
the sample. Since both incident and detected light are passing the UV objective, a beam splitter
is mounted prior the objective reflecting the incident light and transmitting the escaping light
in a 90○ configuration (see Fig. A.2) or 45○ configuration. Two infinity-corrected UV objectives
from Mitutoyo (Plan Apo series) were used with magnifications of 50 and 100, focal lengths
of 4mm and 2mm and numerical apertures NA of 0.42 and 0.5, respectively. Thus, light is ei-
ther collected from emission angles −24.8○ . . .+ 24.8○ or −30○ . . .+ 30○. Due to its high excitation
densities and the lack of suitable optics, the DIVA II laser light is not coupled onto the sample
through the objective but rather focussed next to it by a quartz glass lens ( f = 1000mm) in an
incident angle of about 60○. Further, a digital camera is installed in the detection pathway for
simultaneous occasional observation of the sample during measurements.
The emitted light can be detected in two ways: (i) by coupling the light into an optical fiber and
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subsequently focussing it onto the entrance slit of a 320mm grid monochromator equipped
with a single-channel charged coupled device (CCD) or (ii) by coupling the unfocussed light
onto the entrance slit of an imaging grid monochromator equipped with a multi-channel CCD.
In both cases, the light is dispersed by a 2400 cm−1 grating resulting in a minimum spectral
resolution of 0.06 nm (0.6meV spectral bandwidth @ 375 nm) in case of the smallest adjustable
slit entrance of 10µm. The advantage of a multi-channel CCD over a single-channel CCD is
the decomposition of the emitted light into individual emission angles and thus wave vectors
(according to Eq. 4.23) since the UV objective collects light from various angles. This is possible
since the entrance slit cuts out a one-dimensional section of the two-dimensional k-plane as
illustrated in Fig. A.2. The used multi-channel CCD has 256 channels which results in an angle
step width of 0.23○ per channel (for NA = 0.5).
Alternatively, angular-resolved measurements were performed in a so-called AROSE (see up-
per part of Fig. A.2) setup where the laser light is guided through an optical fiber and a 300mm
lens onto the sample and is likewise collected through a 300mm lens and an optical fiber by
a movable, motorized detection arm. The laser spot on the sample in this case is as large as
200µm and the angular resolution is 2○. However, the main advantage of the AROSE setup
is its much larger angular range that spans over angles of −100○ . . . + 100○. In both cases -
the AROSE and MICRO-PL setup - the microwires are mounted on a xy-plate that allows a
two-dimensional movement of the samples. The minimum step width is 100 nm. The third
dimension, the height of the sample, is controlled and adjusted by a Physik Instrumente Piezo
PZ73E with a minimum lifting step width of 0.1µm and a total lifting of 200µm for measure-
ments with the UV objective.
Low-temperature PLmeasurements were carried out using a Helium flow cryostat that enables
to access a temperature range from 10K to room temperature. In- and out-coupling of light is
realized through a 5mm thick, plane parallel quartz glass. The cryostat is evacuated by a vac-
uum pump that keeps the cryostat at 1× 10−6mbar.
Time-resolved PL (TR-PL) was resonantly excited by a frequency-doubled Ti:sapphire laser us-
ing pulses of 200 fs pulse length. Subsequently, the repetiton rate was decreased with a pulse
picker with 76MHz pulse repetiton rate and the luminescence is detected by a microchannel
plate photomultiplier. The resulting time resolution is 20 ps. In low-temperature TR-PL exper-
iments, the samples were held in a helium bath cryostat at T = 2K.
The Micro-PL setup was initially designed by Dr. Thomas Nobis and then reconstructed with
respect to the imaging beam path, which was developped by Tom Michalsky. The AROSE
setup was designed and built by Dr. Chris Sturm and Dipl.-Phys. Helena Hilmer.
A.3. Cathodoluminescence (CL) setup
Cathodoluminescence (CL) is excited in a CamScan CS44 by an electrom beam that again
emerges at a tungsten cathode where electrons escape due to thermionic emission and are ac-
celerated by a voltage in the range 0.5-40 kV. This leads to an emission current of up to 500µA.
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The luminescence is collected by a mirror from an in-plane angle of about 30○ and and out-of-
plane angle of about 20○ and is focussed onto the entrance slit of a 320mm focal length grid
monochromator with a maximum grid density of 2400 cm−1 and a minimum slit entrance di-
ameter of 10µm.
The electron beam excites a bulb-shaped volume of the sample whose penetration depth (so-
called Bethe range RB) can be calculated via the Bethe formula [166]
RB = [0.0276 A
ρZ8/9
]E5/3 (A.1)
where E is the acceleration voltage, A is the atomic weight (g/mol), Z is the atomic number and
ρ is the density (g/cm3). As can be seen from Eq. A.1, RB strongly depends on the acceleration
voltage and can be calculated to 176 nm in ZnO for 5 kV.
For measurements on pure ZnO microwires, an acceleration voltage of 10 kV (RB = 559nm)
and a beam current of 200 nA were chosen as excitation conditions. In case of microwire het-
erostructures, the acceleration voltage was adjusted regarding the overall shell thickness in
order to only penetrate the shell layers (RB ≈ Lshell, in accordance to Eq. A.1). Low-temperature
CL measurements were carried out using a Helium flow cryostat (similar to the PL setup) that
enables to access a temperature range from 10K to room temperature.
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B. Theoretical framework
B.1. Finite-difference time-domain (FDTD) method
The finite-difference time-domain (FDTD) method is a technique in which space and time are
discretized into a grid and time steps, respectively [167]. In general, FDTD programs simply
simulate the Maxwell equations that can be rewritten into the divergence equations
∂H⃗
∂t
= −
1
µ
∇× E⃗ −
1
µ
( j⃗B + σBH⃗) , (B.1)
∂E⃗
∂t
= −
1
ǫ
∇× H⃗ −
1
ǫ
( j⃗ + σDE⃗) , (B.2)
with the current density j⃗, the magnetic current density j⃗B, the frequency independent mag-
netic and electric conductivities σD and σB, respectively.
FDTD calculations make use of the Yee algorithm [168] that solves both the electric and mag-
netic fields in time and space using Eqs. B.1 and B.2. This algorithm centers the electric compo-
nents in such away that they are surrounded by four circulatingmagnetic components and vice
versa. This is illustrated in Fig. B.1. Subsequently, the three dimensional space is filled by an
interlinked array of Faraday’s and Ampère’s law. This ensures that tangential electric or mag-
netic field components maintain across an interface of different materials in case of an interface
that is parallel to one of the axes. Thus, no special field boundary conditions are necessary.
Further, the electric and magnetic components are also centered in time in a leapfrog manner:
the electric components are computed in the predefined space and then stored in memory for a
particular time point using previously stored data for the magnetic components. After that, the
magnetic components are computed in the space and stored using the just computed electrical
components. This process goes on until the time-stepping is completed.
In this thesis, calculations were performed for problems with open boundaries that necessitate
the introduction of special artifical layers. Since the computated space region is discretised, it is
necessary to truncate the computational grid without introducing significant artifacts. This is
done by a so-called perfectly-matched layer (PML) [169] that represents an artificial absorbing
layer for waves that absorbs at all frequencies and angles of incidence. It is designed in such
a way that waves do not reflect at the interface between the PML and the outer surrounding.
The PML has a finite thickness that accounts for a gradually increasing absorption towards the
open boundary.
All calculations were performed in the cross-sectional plane of an infinitely long, dielectric
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Figure B.1.: Positions of electric (red) and magnetic (blue) field vector components on a cubic
unit cell in the Yee space lattice.
resonator with refractive index n = 2.5 (unless otherwise specified) that is surrounded by vac-
uum with n = 1. Thus, the calculations are two-dimensional. The grid was chosen to extend
400 × 400 points with a lateral expansion of 200 points for the resonators in x-direction. The
wave source was placed near the surface of the resonator in order to compare results with ex-
perimental measurements where the excitation volume is limited to a few hundred nanometers
below the surface. The resonant wave numbers were computed by using a initial wave pulse
with a certain pulse width ∆(kR) starting from the source point near the surface for different
wave numbers kR in steps of ∆(kR).
Fig. B.2 shows the calculated wave number kR of an quadratic dielectric resonator. The intial
wave pulse width was set to ∆(kR) = 0.1 (blue line) and 0.01 (red line). The resonant wave
numbers are indicated by labels P1-P12 for the red line. On the one hand, the computation
time strongly increases with decreasing pulse width, but on the other hand, the precision of the
calculated resonant wave numbers is strongly increased. The asterisks highlight resonant wave
numbers that are only visible or have changed for ∆(kR) = 0.01 in comparison to ∆(kR) = 0.1.
Even the linewidth of the resonant wave numbers decreases with increasing ∆(kR) as it is most
convincing for P5 and P10. Thus, the precision but also the linewidth strongly depend on the
chosen intial pulse width. However, there is also a drawback in the calculation: also the mode
density in a certain wave number regime can affect the width of a resonant wave number. This
is obvious for peak P4 that shows a larger linewidth for ∆(kR) = 0.01 due to the fact that P3
contributes to the lineshape which is completely absent for ∆(kR) = 0.1. An even smaller ∆(kR)
would be able to clearly resolve P3 and P4, but on the other hand requires much computation
time. Thus, resonant wave numbers were calculated with respect to both accurate precision but
also reasonable calculation time. However, the mode pattern of the resonant wave numbers (as
shown above and below the spectrum in Fig. B.2) remain unaffected by the considerations.
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Figure B.2.: Wave number kR for a quadratic dielectric resonator calculated with an intial
wave pulse with pulse width ∆(kR) = 0.1 (blue) and 0.01 (red). The resonant wave numbers
are indicated by labels P1-P12 for the red line. The asterisks highlight resonant waves that are
only visible or have changed for ∆(kR) = 0.01 in comparison to ∆(kR) = 0.1. The resonant
wave mode patterns of P1-P12 are shown above and below. The patterns show minimum field
intensity as red and maximum field intensity as blue color (of TM-polarized electric field).
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